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Chapter 1
Introduction

Membrane fusion is an essential step in synaptic transmission and all processes in
eukaryotic cells that involve vesicular transport.! In all these cases membrane fusion
is likely promoted by the so-called SNARE proteins, which form trans-complexes
between the membranes.? Tt is an open question and controversially discussed®*
whether the SNARE proteins just pin the membranes together, or, additionally,
exert a force to the membranes, which induces local bending of the membranes
towards each other. The present work (see also publication®) contributes to this

discussion by means of molecular dynamics simulations.®

This chapter will give a brief introduction to SNARE-mediated membrane fusion
and an overview to the studies carried out in this work. Sec. 1.1 describes the
structure of membranes and the role of membrane fusion in the cell. A review on
SNARE proteins is given in Sec. 1.2. Section 1.3 works out the questions addressed

in this thesis and outlines the performed simulation studies.

1.1 Membrane fusion

Membranes are sheet-like structures, typically, 50 A thick, that form closed bound-
aries around cells (plasma membrane) and the different compartments (organelles) of
eukaryotic cells.! They are built up from molecules which consist of a water soluble
(hydrophilic) and a water insoluble (hydrophobic) part. These amphiphatic mole-
cules, when placed in water, spontaneously aggregate such that their hydrophilic
parts are exposed to water, and their hydrophobic parts are hidden from water (see
textbooks® 7).
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Figure 1.1: Molecular structure (top left) and topological transformations (top right and
bottom) of biological membranes. The top right figure shows membrane fission and fusion
in intracellular transport, the bottom figure indicates the role of membrane fusion in

synaptic transmission. For explanations see text.

As sketched in Fig. 1.1 top left, the main constituents of biological membranes are
lipids (black) and proteins (gray) which in biological membranes are found in weight
ratios between 4:1 and 1:4.7 Most lipids in membranes are phospholipids. They
consist of a polar, and therefore hydrophilic, headgroup (black circles), which can

be zwitterionic or negatively charged, and two nonpolar, and thus hydrophobic,
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hydrocarbon chains (fatty acid residuals). In aqueous solution, they aggregate to

form bilayers.

Proteins are linear polymers of polar and nonpolar amino acid residues, linked to-
gether in a specific sequence which determines their three-dimensional structure (cf.
Sec. 1.2.2).®% Membrane proteins are incorporated in membranes with their nonpo-

lar surfaces buried within the hydrophobic core of the bilayer.

Membranes are often regarded as two-dimensional solutions of oriented lipid and
protein molecules. It should, however, be noted that the different molecular species
are not necessarily distributed homogeneously; domain formation is often observed

and assumed to be important for the biological function of membranes.”

The merging of two membranes into a single one is an elementary process in the
life of an eukaryotic cell. As shown in Fig. 1.1 top right, the transport of molecules
(gray circles) from a donor to an acceptor organelle within the cell proceeds via
membrane-bounded transport vesicles, which ’bud’ from donor organelles, migrate
to an acceptor organelle and fuse with the target membrane to inject their cargo
into this organelle. The fusion of intracellular vesicles with the plasma membrane
allows the release of molecules from the cell (exocytosis). These can be waste, cell

products, or messenger molecules which transmit signals from one cell to another.?

Special messenger molecules are neurotransmitters in chemical synapses (Fig. 1.1
bottom). As sketched in the figure, a chemical synapse is a contact site between
two nerve cells (neurons) where the neurotransmitters transduce signals in one di-
rection from the presynaptic to the postsynaptic cell. In the presynaptic terminal, a
change in the electric potential between the intra- and the extracellular side of the
plasma membrane, the action potential, induces the opening of calcium channels,
and calcium influx triggers the fusion of synaptic vesicles with the plasma membrane.
Thereby neurotransmitters are released into the synaptic cleft, diffuse towards the
postsynaptic membrane, and dock to specific receptors. This triggers the opening

of ion channels, and an action potential is created in the postsynaptic cell.

Obviously, it is essential for synaptic transmission that synaptic membrane fusion
does not occur spontaneously, but is triggered by an action potential. More gener-
ally, the integrity of the cell and its individual compartments can only be maintained
if membrane fusion is strongly controlled. Spontaneous fusion is prohibited by the
general membrane structure: As soon as two membranes come into close proxim-

ity, i.e., within distances of a few Angstr@m, they strongly repel each other, mainly
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because water tightly bound to the hydrophilic surface of the membrane must be
displaced.!® Also the induced suppression of lipid protrusions and the strong in-
teraction of negative lipid charges and lipid dipoles contribute to the repulsion.!!

Therefore, membrane fusion requires specific promoters.

1.2 SNARE proteins

A number of proteins have been identified as potential membrane fusion factors
which operate in concert.!??* In particular, SNARE proteins are likely key promot-

ers for all intracellular membrane fusion events (see reviews? 2325 42),

The SNARE proteins that were identified first are involved in synaptic transmission.
These are the best characterized members of this protein family. Specific sets of
SNARE proteins have also been found in other vesicular transport pathways.?%:3%
SNAREs have remained highly conserved during evolution; they are present in all

eukaryotic cells 'from yeast to man’.2543

Although it is unclear if additional proteins act after interference from the SNARES,
but before the native fusion event,*424445 SNAREs are the best candidates for
effecting the fusion reaction.*! The current model of SNARE-mediated membrane
fusion and respective experimental evidence are reviewed in more detail in Sec. 1.2.1.

The structure of the SNARE proteins is described in Sec. 1.2.2.

1.2.1 Fusion model

The term 'SNARE (SNAP receptor) proteins’ was introduced to name the — ini-
tially unknown — targets of the soluble enzymatic protein NSF (N-ethylmaleimide

12,13 and its co-factor

sensitive factor), which is essential for transport vesicle fusion,
SNAP (soluble NSF attachment Erotein).14 The SNAP receptors were purified from
brain membrane fractions'® and identified as a set of three known proteins (see
Fig. 1.2 top I): Synaptobrevin II (gray; henceforth called synaptobrevin), which
is anchored in synaptic vesicle membranes,*6 SNAP-25 (synaptosome-associated
protein of 25kDa, light gray), which is attached to the presynaptic membrane,*”
and syntaxin (black), which is concentrated in the zones of the presynaptic mem-

brane at which synaptic vesicles dock.*® Syntaxin also binds calcium-dependently to
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the synaptic vesicle membrane protein synaptotagmin, the major calcium receptor

for neuronal exocytosis.'®
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Figure 1.2: Function and structure of SNARE proteins. Top: Zipper model for SNARE-
promoted membrane fusion. Syntaxin (black), SNAP-25 (light gray), and synaptobrevin
(gray) assemble in a zipper-like fashion (11, IIT), thus pulling the vesicle towards the target
membrane, until a fusion pore is created (IV). Bottom: X-ray structure of the synaptic

SNARE complex in ribbon representation.

Independent evidence for the relevance of synaptobrevin, SNAP-25, and syntaxin
for synaptic fusion came from the finding that their selective cleavage by the toxins
tetanus and botulinum®® inhibits neuronal exocytosis.?® In squid nerve terminals, the
cleavage of synaptobrevin by tetanus irreversibly blocked neurotransmitter release,

while the number of synaptic vesicles increased.?”

Synaptobrevin, SNAP-25, and syntaxin form a complex (SNARE complex) with
1:1:1 stoichiometry before SNAP and NSF bind.?* As indicated in Fig. 1.2 top I, in

their monomeric form, synaptobrevin (gray) and SNAP-25 (light gray) are unstruc-

52-54
d,

ture whereas syntaxin (black) shows significant content of helical structure.?

SNARE complexes form before Ca’*-triggered membrane fusion.”®*% Upon com-
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plex formation, helical structure is induced in synaptobrevin and SNAP-25, and
the helicity of syntaxin increases (see Fig. 1.2 top II, IIT), and energy is released."?
In yeast homologs of the neuronal SNARE proteins, assembly begins distal to the
membrane surfaces and proceeds towards them.?” Each of the interacting domains
exhibits seven-residue sequence repeats (heptad repeats) a — g characteristic for he-
lix bundles, in which the a and d positions generate a hydrophobic helical contact
surface.® The SNARE complex forms a long rod of 120 — 140 A length:% its two
transmembrane (TM) anchors; contributed by syntaxin and synaptobrevin, both
reside at the same end of the complex®®-5! (see Fig. 1.2 top, III). The complex is

disassembled upon consumption of ATP (adenosinetriphosphate) by NSF."!

For the in witro fusion of artificial phospholipid bilayers with incorporated SNARE
proteins (proteoliposomes) carried out by Rothman and co-workers, the presence of
syntaxin/SNAP-25 and synaptobrevin in disjoined vesicle populations was required
and sufficient for vesicle fusion monitored by lipid-°2 and content-mixing.%® This

suggests that the SNARE proteins provide a minimal fusion machinery.

These findings also suggest that, upon SNARE complex formation, the membranes
are pulled towards each other (see Fig. 1.2 top), and the released energy is used
to promote the fusion process (zipper model of SNARE-mediated membrane fu-
sion):26:2742 In step I, the SNARE proteins are in their monomeric form; SNAP-25
and synaptobrevin are unstructured (random-coil-like), whereas syntaxin adopts a

20,38 In

closed conformation® which is arrested by the protein nSecl (not shown).
step II, nSecl is released from syntaxin and syntaxin undergoes a conformational
change.®® Syntaxin, SNAP-25 and synaptobrevin assemble in a zipper-like fashion
from the membrane-distant N- to the membrane-proximate C-termini; thereby the
vesicle is pulled towards the plasma membrane.?™%* In step II1, the SNARE complex
is nearly completely formed, and the vesicle is tightly bound to the plasma mem-
brane.?” Several of these complexes are arranged in a circular array.®® At this point,
no fusion pore is observed yet; this state is arrested by synaptotagmin'® (not shown),
which acts as a molecular clamp and prohibits the full assembly of the SNARESs close
to the TM anchors.%¢ In step IV, due to a change in the voltage between the intra-

and the extracellular side of the plasma membrane, voltage-dependent calcium chan-

nels open. The inflowing calcium binds to specific binding sites of synaptotagmin,

*In the following “configuration of a protein” denotes an exactly determined spatial structure,
i.e., a single point in the configuration space; “conformation” of a protein denotes a structure

ensemble around an average structure.
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which thereupon releases the SNAREs. Proceeding SNARE complex assembly fi-
nally promotes the formation of a fusion pore and thus membrane fusion. After
fusion is complete, both TM domains of the SNARE complexes are anchored in the
same membrane. These (cis-complexes) are disassembled by NSF and SNAP to

enable the SNARESs to promote further fusion events.

1.2.2 Structure of SNARE proteins

Like all proteins (see textbooks”® 67-69)

, SNARE proteins are built up from amino
acid residues (Fig. 1.3 gray boxes, ‘aa’) which are covalently linked to form polypep-
tide chains. BEach residue consists of an amide (NH) and a carbonyl (CO) group, as
well as a hydrogen and a C, carbon atom, from which a side group (R;) branches
off. The atoms shown explicitly in Fig. 1.3 (left) form the backbone. The residues
are connected via pseudo double bonds between the NH and CO groups (peptide
bonds, solid and dotted lines), which force these groups into a planar conformation;
only rotations around the (single) N—C, and the C,—C bonds (torsion angles ¢
and 1, respectively) occur. Nature uses mainly twenty different amino acids; their

side chains vary in size, shape, polarity, and charge.

CH, (::H2 c'I;H2
D Ho R CH, CH,
HaN_ICa_(I?JT”N_(I;a_CI?T“ -------~=N—(|3a—COO' (IDH2 (I;H2
HO HO ] N—H CH,
Clé;:NHz lllH;

amino(N)- carboxy(C)- NH, .

terminus terminus

Alanine Arginine  Lysine
(Ala, A)  (Arg,R)  (Lys,K)

Figure 1.3: Chemical structure of proteins. The general structure is shown on the left.
The side chains R; of the amino acids alanine, arginine, and lysine, which play a central
role in this work (see Sec. 1.3), are shown on the right. For arginine and lysine the gray
boxes indicate the charged groups. There are 17 further normal amino acids in proteins,

for which the side chains are not shown here.

Note that the amino(N)-terminus of the protein is a hydrogen acceptor (base); at

neutral pH, which is the typical cytosolic pH, it binds an excess proton (NHJ ), and
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therefore is positively charged. Inversely, the carboxy(C)-terminus is a proton donor

(acid) and, at neutral pH, releases a proton, thus being negatively charged (COO™).

Fig. 1.2 bottom shows the structure of the cytosolic core of the synaptic complex
of rattus norvegicus; it was resolved by x-ray crystallography,™ is consistent with
the results from the experimental and sequence studies mentioned above, and sup-
ports the sketched fusion model. In the figure, ribbons or thin strings indicate
the backbone of the individual proteins (ribbon representation). This backbone
is predominantly helical (ribbon), only short segments are unstructured (strings).
Syntaxin (black) and synaptobrevin (gray) each contribute a single helix, whereas
SNAP-25 (light gray) contributes two helices, to form a twisted four-helix bundle
(four-stranded coiled-coil), with the N-termini ('N’) of all helices residing at the
same end of the complex. For each helix, the backbone winds around the respective
helical axis from the N- to the C-terminus in a right-handed manner, and each back-
bone CO group (not shown) extends parallel to the respective helix axis, forming
a hydrogen bond to the NH group four amino acids towards the C-terminus of the
helix (right-handed a-helix). The side chains (not shown) extend to the outside of

each helix.

Fig. 1.4 gives a more schematic view of the SNARE complex in the context of
the fusion model and also shows regions of the proteins which are not present in
the x-ray structure. The helices of the core complex are shown as long rectangles,
synaptobrevin in magenta, SNAP-25 in blue, and the syntaxin core helix (H3 helix)
in cyan. The two SNAP-25 helices are connected via a long loop (blue line) which
is covalently attached to fatty acid chains inserted in the proximate lipid layer of

71

the membrane.” The N-terminal domain of syntaxin (Habc domain) (not shown)

forms a three helix bundle which is connected to the H3 helix by an unstructured

linker.?®

The hydrophobic TM anchors of the complex (tilted rectangles) contributed by syn-
taxin (yellow) and synaptobrevin (magenta) have been predicted from sequence
analyses to consist of 19 (95-113) and 22 (266 —287) residues and are assumed to
be in a-helical conformation,”™ as the formation of helices allows to efficiently shield
the polar NH and CO groups of the protein backbone from the hydrophobic envi-
ronment.! With a predicted length of 28.5 and 33 A, respectively, these helices are
expected to fully span the hydrophobic core of the associated membrane.”® The
assumption that the TM domains are a-helical is also supported by the fact that

in this conformation the TM residues of syntaxin and synaptobrevin essential for
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Figure 1.4: Fully assembled trans-complex formed by synaptobrevin (magenta) and
SNAP-25 (blue), the H3 helix of syntaxin (cyan), a linker region (red), the transmem-

brane (TM) domains (tilted rectangles) of syntaxin (yellow), and synaptobrevin (magenta),

which exerts mechanical force onto the vesicle ('v’) and the target (’#’) membrane and

pulls them towards each other. Here the H3 helix tilt 8 (pink) is studied by molecular dy-
namics (MD) simulations; the brown box marks the simulation system. The hydrophobic

regions of the two membranes are colored green, their polar regions dark green.

homodimerization of these proteins form a continuous contact surface.”

1.3 Mechanical coupling

Do SNARE proteins play a passive or an active role in membrane fusion? Do they
just pin two membranes together, which eventually fuse spontaneously? Or do they
exert additional forces upon the membranes which disturbs their local structure or
locally bends them towards each other to promote their fusion? In the latter case, the
TM anchors and, in particular, the anchor-proximate regions of the SNARE proteins
would have to transduce the required energy from the cytosolic core complex into

the membrane.

It has been suggested* that the local membrane structure might be disturbed in
the following way. For SNARE trans-complexes, inter-membrane repulsion will pull
on the SNARE anchors and thereby displace them from the bilayer, dragging out
associated lipids towards the contact area between the two bilayers; hydrophobic
attraction of lipids from opposing layers™ could then lead to the first interbilayer
contact. This view is supported by the results of proteoliposome fusion experiments
carried out by Rothman and co-workers (Sec. 1.2); in these experiments replacing
TM domains of SNARESs by lipid anchors did not affect vesicle docking, but inhibited

fusion, as long as the lipid anchors did not meet certain minimal hydrophobicity
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requirements.*

It has further been proposed,® that the membranes could be locally bend towards
each other as shown in Fig. 1.4,5% assuming the local membrane plane remains nearly
perpendicular to the TM anchor. This setting requires that the membrane-proximate
regions of synaptobrevin (Fig. 1.4 magenta) and syntaxin (red, 'linker’) are mechan-
ically sufficiently stiff upon bending to conformationally couple the respective TM
and cytosolic domains. In particular, the energy available for membrane juxtaposi-
tion is limited by the amount required to increase the H3 helix tilt angle 6 (pink)
from its equilibrium value to the one required for SNARE complex assembly. Thus,

the mechanical flexibility of the linker is crucial for the fusion mechanism.

For synaptobrevin, the a-helical domain of the synaptic fusion complex x-ray struc-
ture (‘core domain’) extends into the TM domain by two residues; this suggests
that core and TM domain form a continuous a-helix, which is expected to be stiff
upon bending.™ Trans-complex assembly would lead to significant strain within
this helix. Membrane bending and final merger allowed the synaptobrevin helix to

gradually relax to an unbent state.?

For syntaxin, the H3 helix is separated from the TM helix by a 5-residue linker (red)
of unknown structure (residues 261 —265). Its amino acid sequence reads ARRKK,
where A stands for alanine, which is hydrophobic, R for arginine, and K for lysine.
Both R and K are basic, and therefore, at neutral pH, positively charged. Fig. 1.3
right shows the side chains of these residues; for arginine and lysine, the gray boxes
indicate the charged groups. The only information on the linker structure comes from
recent spin-label EPR (electron parametric resonance)’™ measurements by Shin and
co-workers”® which provided some evidence for a partially unstructured linker. Tt is,
however, possible that the linker mutations required for site-directed spin-labelling,”
as well as the spin label itself, change the linker structure. Therefore, it is unclear

if a similar mechanism holds for syntaxin as it does for synaptobrevin.

To study the role of the linker stiffness, Rothman and co-workers carried out in vitro
fusion experiments in which they aimed to reduce the linker stiffness by inserting a
five-residue sequence containing two tandem proline residues into the linker region.?
The proline disfavors the a-helical conformation due to sterical hindrance by its
side chain which is linked to both the C, and the nitrogen atom of the backbone;®
therefore it was assumed that the prolines would disrupt the hypothetical continuous

H3-linker-TM helix.? Indeed the proline mutation reduced the in vitro fusion rate,
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but only by 50%.?

It should be noted that proteoliposome fusion occurs on timescales orders of magni-

771 and therefore might involve a different mech-

tude longer than synaptic fusion,
anism.?**? However, in a yeast vacuole fusion assay, a 6-residue insertion between
the expected core and the TM domain of a syntaxin homologue also led to a 50%
decrease in fusion efficiency.®® A similar proline mutation of synaptobrevin had

virtually no effect on the proteoliposome fusion rate.?

It is, however, unclear if the proline insertions actually reduce the linker stiffness.
Apart from its helix-breaking character, proline can also rigidify the protein back-
bone; for proline-homopolymers, e.g., only the extended conformation of the back-

bone is sterically accessible.®

The results from the proteoliposome and yeast vacuole fusion experiments suggest
that either a stiff linker is not required for fusion, or, alternatively, that sufficient
conformational coupling can also be provided by a non-helical linker. The present
work intends to discriminate between these two possibilities by means of molecular
dynamics (MD) simulations. The method of MD simulations describes the dynamics
of molecular systems by numerically integrating the Newtonian equations for all
respective atoms. Such an atomistic description of the linker dynamics aims to
(1) predict the linker helicity and (2) estimate the linker stiffness. In particular,
it aims to (3) clarify if a possibly non-helical linker could also provide substantial

conformational coupling.

Additional questions arose in the course of the study and were also addressed: (4)
Which factors (e.g., lipid composition, environment, sequence) determine the me-
chanical properties of the linker? (5) Is the TM domain sufficiently perpendicular
to the membrane plane as required for induced membrane-bending? (6) Is the TM
domain anchored well enough within the membrane to withstand the high inter-

membrane repulsion forces which tend to pull the TM domain out of the membranes?

To address these questions, we have carried out multi-nanosecond MD simulations
of the relevant region (Fig. 1.4, box) comprising a C-terminal part of syntaxin (cyan,
red, and yellow) embedded within a lipid bilayer (green) and explicit solvent envi-

ronment (not shown).

A first guess for the linker helicity was obtained from free dynamics simulations
at a physiological temperature (room temperature simulations), assuming that the

protein in its native environment folds downhill on the free energy landscape. An
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upper limit for the linker stiffness was estimated from the equilibrium fluctuations
of the angle 6 between the H3 helix and the bilayer normal (H3 helix tilt).

Additionally, to more efficiently sample the conformational space of the linker, an-
nealing simulations were performed, starting from structures obtained from appro-
priately restrained high temperature simulations. From the resulting sets of final
structures, the linker helicity was estimated; from the fluctuation of the H3 helix

tilt angles, a lower bound for the linker stiffness was obtained.

To study effects of the lipid environment on linker helicity and bending stiffness,
two different lipid compositions were chosen, yielding a neutral and an acidic (neg-
atively charged) bilayer. Furthermore, a prolonged mutant created for a technical
issue unexpectedly decreased the linker stiffness, and therefore was also studied
systematically. For both the wild type and the mutant, as well as for both lipid

compositions, room temperature as well as annealing simulations were performed.

The anchoring and orientation of the TM domain in the bilayer were studied in the
room temperature simulations by analyzing the translation of the TM helix along

the bilayer normal and its respective tilt.

The work is structured as follows: Chap. 2 lists the employed molecular dynam-
ics simulation and analysis methods, including methods for confidence estimation
and devised bootstrap hypothesis tests. Chap. 3 describes the room temperature,
and Chap. 4 the annealing simulations. Finally, Chap. 5 summarizes the results of
the work, discusses implications for the fusion model, and suggests experiments to

validate the obtained results.



Chapter 2

Molecular Dynamics Simulation
and Analysis Methods

The method of molecular dynamics (MD) simulation® is used to describe the dynam-
ics of systems comprising typically between 10® and 10° interacting atoms. In the
present work, systems comprising between 14,000 and 22,000 atoms were simulated

on timescales of several nanoseconds.

This chapter lists the employed MD simulation methods. After an introduction
to the principles of MD simulations (Sec. 2.1), the used methods for calculation
(Sec. 2.2) and analysis (Sec. 2.3) of MD trajectories are described.

2.1 Principle

To describe the dynamics of a molecular many-particle system exactly, the time-

dependent Schrodinger equation
ihdh(R, 1, t) = HY(R, 1, 1) (2.1)

has to be solved, where r and R denote the electron and the nuclei positions, re-
spectively, and the Hamilton operator H describes the kinetic and potential energy
of the system. Three approximation steps allow to solve this equation for systems

of 103-10% atoms.?!

15



16 CHAPTER 2. MOLECULAR DYNAMICS SIMULATION METHODS

1. Born-Oppenheimer approximation

The first step, the Born-Oppenheimer Approzimation,®? exploits the fact that nuclei
masses are three to four orders of magnitude larger than the electron mass and
assumes that the the electron wave function v.(r; R) instantaneously follows the

nuclei positions and thus obeys the time-independent Schrodinger equation
Hete(r;R) = Eo(R)the(r; R), (2-2)

where the nuclei positions enter only as parameters. Here the electron Hamilton
operator
ﬁe = Te + VNN + VNe + ‘A/ee (23)

is the sum of respective nuclei(N) and electron(e) interactions V, and the kinetic
contributions 7. The nuclei thus move in an effective potential given by the
ground state energy E.(R) of Eq. 2.2; their motions thus follows the time-dependent

Schrédinger equation

ihdhn (R, 1) = (T + Eo(R))¥n (R, ). (2.4)

2. Classical description of nuclei dynamics

In the second step, the dynamics of the nuclei is described in the classical approxi-
mation, i.e. Eq. 2.4 is replaced by the Newtonian equations of motion for classical

point masses,
2

d
My R = ~VE.(Ry, . Ry), i =1, N, (2:5)

where m; and R; denote mass and position of the i-th nucleus.

The classical description is a good approximation for non-bonded heavy atoms at
room temperature. For light atoms or low temperatures, quantum effects become
essential, such as the tunneling of hydrogen atoms and the superfluidity of liquid
helium. But even the motion of heavy atoms at room temperatures is not properly
described once they are involved in covalent or hydrogen bonds and thus oscillate
in harmonic or quasi-harmonic potentials. For a harmonic oscillator, a classical des-
cription only holds when the thermal energy k7' is much larger than the spacing hw
of its discrete energy levels. At physiological temperatures (300 K), this condition

is only fulfilled for vibration periods 7 > 160 fs. As can be seen from Tab. 2.1,
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bond stretching and bond angle bending modes, as well as librations of water mo-
lecules™ involve shorter vibration periods and, hence, are generally in the ground
state. One consequence is that the energy exchange with the environment is usually
overestimated in the classical description. The conformational motions of interest
here, however, take place on picosecond®® or longer timescales and can therefore be

described well within classical mechanics.

type of vibration T[fs]
bond stretching 10 24
bond angle bending 20—-40

libration of water molecules 5080
hydrogen bond stretching 170-"700

Table 2.1: Typical vibration periods in molecules and hydrogen-bonded liquids.®* Compare
h/ET = 1701s at 300 K.

Using the Born-Oppenheimer approximation and a classical description of nuclei
dynamics allows to describe systems of several hundred atoms on timescales of about

10 ps.®5 Therefore studies like the present one require a further approximation.

3. Force field

In studies as the present one, where no chemical reactions are involved, the effective
potential F.(Ry,...,Ry) in Eq. 2.5 can be approximated by a semi-empirical func-
tion, the so-called force field. 1t describes covalent forces caused by the change in
length of a chemical bond (Fig. 2.1 A), the bending of an angle between two bonds
(B), the out-of-plane deflection of aromatic carbon atoms (C'), and the torsion of
bonds (D, dihedral terms). The associated potentials are chosen harmonic (A -
C) or periodic (D), respectively. Also non-covalent interactions are considered: A
Lennard-Jones® potential (F) models the Pauli repulsion which prevents atoms from
penetrating each other, and induced dipole attraction, collectively termed van der
Waals interactions. The electrostatic interaction between partially charged atoms is
described by the Coulomb potential (/). The total potential is the sum of all these

individual interaction terms.

*rotational vibrations whose frequency is determined by the moment of inertia of a water

molecule and forces working on this mode, which are mainly due to hydrogen bonds
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Figure 2.1: Energy contributions of a typical molecular dynamics force field. (A4) bond-
length and (B) bond-angle vibrations, (C) out-of-plane deflections of aromatic carbons,
(D) the torsion of bonds, (F) van der Waals, and (F') Coulomb interactions. The respective
inter-atomic interactions are illustrated on the left, the used energy terms are shown in

the middle, and the functional dependencies are sketched on the right.

The parameters of the force field (Fig. 2.1), i.e., equilibrium values (b;, 6y, (p), force
coefficients (K;), Lennard-Jones parameters (Cio, Cj), and partial charges (g;), are
determined by a combination of ab initio calculations and by fitting to experimental
data such as crystal structure, infrared spectra, free energies of solvation etc. in
a self-consistent manner (see review®). The parameterization is done for small
simple molecules regarded as the elementary building blocks of large molecules; in
the case of proteins the parameters are optimized for individual amino acids and

short peptides.

A series of different force fields has been developed (CHARMM,?” GROMOS,®®
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AMBER,* OPLS,” JUMNA, SPASIBA,? CFF,” MM3,% etc.) which differ in
the type of described molecules for which they are optimized and the number of
considered degrees of freedom. In the present work, the GROMOS-87% force field
was used with a small modification concerning the interaction between water-oxygen
and carbon atoms.”” It has been developed for the simulation of biomolecules in an

explicit aqueous environment.

2.2 Computing Trajectories

Based on the methods introduced in the preceding section, MD trajectories were cal-
culated numerically. All presented simulations were performed with the GROMACS
simulation package,3* version 2.1. The used methods are described in this section:
Sec. 2.2.1 depicts the employed integration method. In Sec. 2.2.2; various ways to
model the lipid and solvent environment of a protein are discussed, and the choice
of the atomistic model is justified. The chosen boundary conditions are specified in
Sec. 2.2.3. Sec. 2.2.4 describes how an isothermal/isobaric ensemble is generated.

Sec. 2.2.5 sketches used techniques to improve the efficiency of MD calculations.

MD simulations usually imply a minimization and equilibration phase, whose rele-
vance is explained in Sec. 2.2.6. To improve the conformational sampling, a method
was used to accelerate the traversing of energy barriers (simulated annealing®), as
described in Sec. 2.2.7. Restraints which were imposed to stabilize the simulation

system are described in Sec. 2.2.8.

2.2.1 Integration method and time step

The Newtonian equations (Eq. 2.5) are numerically solved iteratively in small time
steps At. In the present work, the leap-frog algorithm®” was employed. It is of
second order in At and time-reversible, and preferable to second order Runge-Kutta

methods,”® as the expensive force calculation is only performed once per integration

step. The algorithm calculates positions r at time ¢ and velocities v at time ¢ — %,
At At F(t)
t+ —)=v({t—— —=At 2.
v(t+ S =v(t- S+ (26)
At
r(t+At)=rt) +v(t+—) At (2.7)
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The time step At is typically chosen about a factor of ten smaller than the period
of the fastest vibrations in the system. As mentioned in Sec. 2.1 these are bond-
stretching vibrations with periods down to 10fs, limiting At to 1fs. Larger time
steps are possible by, e.g., applying constraints, as described in Sec. 2.2.5. The
discretized equations of motion 2.6 and 2.7 are modified to model the effect of a

heat bath and to treat the system in the isobaric ensemble (Sec. 2.2.4).

2.2.2 Lipid and solvent environment

As will also be seen in this study, structure and dynamics — and hence the function
— of a protein are strongly influenced by its environment,”“>1% which therefore
must be described thoroughly. In the presented simulations, the lipid and solvent
environment of the protein was simulated explicitly (see Fig. 3.3). This involved
high computational cost, requiring 98 % of the total simulation time; hereof 70 %
was spent on the solvent environment. Available mean field models for membrane
and solvent effects may save computational power, but suffer from severe limitations,

as discussed in the following.

Implicit solvent models

Solvated proteins have the tendency to minimize their nonpolar surface, i.e., they
tend to bury their hydrophobic residues in their interior; this hydrophobic effect'®
is also essential for the formation and the stability of lipid bilayers (Sec. 1.1). It
has been modeled for proteins by energy terms proportional to the solvent accessi-
ble area of solute atoms or groups of atoms, respectively.!®"1%6 Furthermore, the
partial charges of a protein (or lipid headgroups) are screened from each other due
to the alignment of water molecules; this effect has been described by a distance-
dependent dielectric function €,.(r) (cf. Fig. 2.1 F'). Such implicit models, however,
are inaccurate and thus may lead to wrong conformations of simulated peptides
or proteins. To name an example, a model using surface area terms as well as a
dielectric function!®” appears to artificially favor helices with backbone hydrogen
bonds between residues ¢ and ¢ + 5, the — extremely rare — m-helices, over those
107,108

with bonds between residues ¢ and 7 + 3, the — very common — a-helices
(Sec. 1.2.2).
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Furthermore, ions in physiological concentrations lead to an additional dielectric
screening. This effect has been described implicitly by solving the Poisson-Boltzmann
(PB) equation at each point of the simulation system.!*? % The computational ex-
pense spent on solving the PB equation has been reduced by updating the potential
only every 200 integration steps.!®” Comparisons of electrostatic potentials calcu-
lated by a finite-difference Poisson-Boltzmann approach, however, differed from po-
tentials calculated from MD simulations with an explicit solvent environment by at

least 0.4 kcal mol =t e~ !, likely reflecting the limited accuracy of the implicit model.*!!

Implicit lipid models

Even more difficult than implicit solvent models are implicit lipid models; yet a
number of models have been developed; see review.'? Treating solvent and bilayer
as a continuum, while choosing a dielectric constant of ¢, ~ 80 for the aqueous
phase, the low electrostatic screening of the bilayer core has been described by
assigning ¢, ~ 2 to a slab of about 30 A thickness.''® The discontinuous change
of the electrostatic screening between the aqueous and the lipidic phase, however,
yields a poor description of the interface. An appropriate smoothing function is

recommendable, but to the author’s knowledge has not been used yet.

The lipid headgroups and the water produce an electrostatic potential profile within
the interface, which has been modeled by an appropriate mean field expression in the
force field, derived by solving the one-dimensional Poisson-Boltzmann equation.'!*
The hydrophobicity of the bilayer has been described by assigning an energy to
each protein atom defined as the free energy difference of the atom in lipid and in
water;'" here the hydrophobicity was assumed to vary along the axis of the bilayer

normal, with an exponential smoothing function in the interfacial region.

Available mean field models of lipid membranes, however, cannot describe the desta-
bilization of internal hydrogen bonds of the peptide by hydrogen bond formation to
the surrounding lipid headgroups, an effect which strongly affected the conforma-
tional and mechanical properties of the peptide studied in this work (see Chaps. 3
and 4); therefore the usage of an explicit bilayer model of the membrane was essen-

tial.
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Chosen atomistic model

For the solvent environment, water was chosen, with the SPC (simple point charge)
water force field.''® Also ions were added; their type (C1= or Na®) and number
were mostly chosen such as to compensate the net charge of the peptide-membrane
system ('charge compensation’). In one case, excess ions were added and K* rather
than Na™ ions were used to mimic the intracellular conditions of typical mammalian
cells,! and, in particular, to obtain a physiological concentration of [KCI| = 0.154 M,

("intracellular salt conditions’).

For the lipid environment, two mixtures of three typical phospholipid species were

simulated, yielding a neutral and a negatively charged (acidic) bilayer (see Sec. 3.2.1).

2.2.3 System boundaries

When the solvent and lipid environment of the protein is simulated explicitly, appro-
priate boundary conditions have to be chosen to minimize artifacts from the system
boundaries. Molecules can be prevented from evaporation by a 'wall’ of atoms which
are fixed!'” or harmonically restrained at stationary positions. Alternatively, an ap-
propriate boundary potential may be applied, which additionally counterbalances
the surface tension.''® Atoms close to the wall layers were subjected to stochastic

dynamics to account for the energy exchange with the environment.*!”

In the present work, short-range artifacts due to the special treatment of boundary
regions were avoided by using periodic boundaries. These also facilitate pressure
coupling (see Sec. 2.2.4). For periodic boundaries, the simulation volume represents
a space-filling box which is surrounded by translated copies of itself. The box can
be a cuboid, a dodecahedron, or a truncated octahedron. As asserted for Ewald
summation of Coulomb forces (cf. Sec. 2.2.5), the periodicity of the system can
introduce long-range artifacts such as the artificial stabilization of a-helices; these

are kept small by choosing sufficiently large box dimensions.!!

In the present work, for the simulation of explicit lipid environments, a rectangular
box was chosen. Here the box size was chosen such that the surface-to-surface
distance of the peptide and its nearest periodic images ('peptide-peptide distance’)
was at least 14 A in the direction of the bilayer normal and 45—50 A in the bilayer

plane. For pilot simulations of a peptide without lipid environment, a dodecahedron
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box was used to minimize the system size. Here the box size was chosen such to
obtain a peptide-peptide distance of at least 14 A in all directions. As a measure for

the range of electrostatic interactions, the Debye screening length!?0

1 Jee,RT
| == 2.8

of the chosen concentrations ¢ of monovalent ions |z| = 1 is determined to 14 Al

Therefore a certain shielding of the peptide from its nearest periodic images can be

assumed, and artifacts from the periodicity of the system are expected to be small.

2.2.4 Temperature and pressure coupling

For systems which evolve accordingly to the Newtonian equations of motion (Eq. 2.5),
the energy is conserved and depends on the initial conditions only; therefore, with
increasing simulation time the ensemble of structures of a respective trajectory will
approach a micro-canonical ensemble ¥. A protein and its immediate lipid and sol-
vent environment, however, continuously exchange energy with the surroundings,
such that the temperature, rather than the energy, remains constant (canonical en-
semble). In addition, force truncation and discretization errors introduce random
forces which heat up the system. Therefore it is necessary to control the tempera-
ture 1" of the system, which should remain close to a given target temperature Tg.
To this aim, the system is coupled to a heat bath, for which various methods are
available.

t,122123 o o induces a heat bath parameter as a new

The Nosé-Hoover thermosta
degree of freedom whose dynamics is driven by the deviation of the real system
temperature from the heat bath temperature; here a respective ’inertia’ parameter
governs the strength of the coupling. This approach has the disadvantage that it
produces a spurious oscillatory relaxation.

4

Therefore, in the present work, the weak coupling scheme of Berendsen'?* was used,

which induces a strongly damped exponential relaxation of the temperature T' to-
wards a given target temperature 7j, according to
dl Ty, —T
a7
fwith the Faraday constant F and the gas constant R

tassuming that a trajectory of infinite length will pass every phase space point equally frequent
)12t

(2.9)

(ergodicity), or will pass arbitrarily close to every such point (quasi-ergodicity
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with a time constant 7. This is done by scaling the velocities of each particle every

step with a time-dependent factor A given by
At (T, 1/2
A=|1+—<¢—=-1 2.10
[ T {T H ’ (210)

The coupling time constant 77 is related to the time constant 7 of the temperature

coupling according to
. 20‘/7' T

"7 Nikp

where Cy, denotes the total heat capacity of the system, kg Boltzmann’s constant,

(2.11)

and Ny the total number of degrees of freedom. The time constants 7p and 7 differ,
because the scaling energy is partly redistributed between kinetic and potential
energy. For the presented simulations, the protein, the different lipid species, the
water, and the ions, were coupled separately to a heat bath of Ty = 300 K, using a
coupling time constant 7 = 0.1 ps. For the annealing simulations (see Sec. 2.2.7),

temperatures Ty of up to 1500 K were chosen.

Furthermore, biological systems are subjected to a constant pressure, which is usu-
ally 1bar. Therefore in the present simulations isobaric ensembles were created;
i.e., the pressure, rather than the volume, were kept constant. Similar to temper-
ature coupling, an exponential relaxation of the pressure P to the target pressure
Py =1bar was used (Berendsen barostat'**); according to
aP Py,—P
P

(2.12)

with a time constant of 7, = 1 ps. Thereto the coordinates were rescaled by a factor

1, A
p=1-—r{F— P} (2.13)

p
every integration step. Here k is the isothermal compressibility of the system. In

the present work, the value for water at 1 atm and 300K, k = 4.6e — 5bar™*, was
used. The pressure P was calculated from the kinetic energy Ey;, and the virial =

according to

2
P=-—(Fx,—5), 2.14
(B~ ) (214
where V' denotes the volume of the system. The virial = is defined as
- 1
o= —5 (I'Z' — I'j) . Fij s (215)
i<j

Here F;; denotes the force exerted from atom 7 on atom j.
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For the simulations without explicit lipid environment, all directions were scaled
equally. For the simulations with explicit lipid environment, the directions parallel
and perpendicular to the bilayer plane (z axis and x/y directions, respectively) were

scaled independently.

2.2.5 Improving efficiency

Molecular dynamics simulations are computationally highly expensive, therefore
methods were applied to improve their efficiency. This was done by enlarging the
time step, by using compound atoms, by applying an efficient method for the calcu-

lation of non-bonded forces, and by using parallel computers.

Enlarging the integration time step

125

Bond length constraints do not significantly alter the dynamics of proteins, = and

hence, were applied to enlarge the integration time step At (cf. Egs. 2.6 and 2.7).
Without bond stretching vibrations, the bending of the HOH bond angle remains as
the fastest degree of freedom, with a period of 21 fs; hence an integration time step
At (Egs. 2.6 and 2.7) of 2 fs could be chosen. In the present work, for proteins and

S'26 was used which, after an unconstrained

lipids the constraint algorithm LINC
integration step, rescales the bonds lengths to their average value. For water, the
SETTLE algorithm was used which incorporates the constraints within the potential

by means of Lagrange multipliers.'?”

Angle constraints would remove vibrations with periods below 50 fs (Tab. 2.1) and,
therefore, would allow to increase the time step to At = 5fs. However, such con-

1

straints have been shown to affect conformational dynamics,'? and, hence, were not

used.

For most of the simulations, an increase of the time step to 4 fs was facilitated
by enlarging the mass of hydrogen atoms from 1 (light hydrogen atoms) to 4 amu
(heavy hydrogen atoms); the extra mass was subtracted from the associated heavy
atoms.'?® Thus, the kinetics of the system are slightly slowed down, which, e.g., leads
to an increase of water viscosity.!?® This artifact does not affect the present work,

since here conformational distributions rather than kinetic properties are studied.
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Further, the net gain in efficiency is only 15 % lower than expected from the time

step increase by a factor of two.!?8

Compound atoms

It has been shown that the dynamics and sterics of the nonpolar hydrogen atoms
generally has no large influence on the structure and the dynamics of a protein.®”
Therefore in GROMOS-87, as in most force fields, atom groups such as CH, CHs, or
CHs, are merged into compound atoms with respective total mass as well as adapted
partial charges and van der Waals radii. In the presented simulations, particularly,
73 nonpolar hydrogen atoms per lipid molecule were incorporated into compound

atoms.

Efficient calculation of non-bonded forces

To calculate the van der Waals (Fig. 2.1 £) and the Coulomb potential (#) all inter-
atomic pair interactions have to be considered; this involves a computational expense
which scales as O(N?) with the the number N of atoms. In most of the presented

87 Here

simulations, the cost was reduced to O(N) by using a cutoff function.
only the force contributions from atoms within a predefined interaction radius r;
(typically 10 A) were considered; the list of pairs for which non-bonded interactions
must be calculated (neighbor list) was updated every ten steps. This is a good
approximation for the short-ranged van der Waals potential. For the long-ranged

h84:129:130 \wag ysed. Here the forces between

Coulomb forces, a twin-range approac
atoms within a shell r < r <7y (with 75 = 18 A), which fluctuate more slowly than
closer atoms, were only calculated during every neighbor list update. To avoid the
creation of charges at the cutoff boundaries, groups of adjacent atoms with total

charge 0 (e.g. water molecules, charge groups), were kept together.

For simulations of an ion-rich system, a more accurate — albeit computationally
more expensive — calculation of the electrostatic forces was necessary. Since for the
present work periodic boundary conditions were used, a lattice sum method could
be employed. The Fwald summation was first introduced to calculate the long-range

131 Here the slowly converging sum

interactions of the periodic images in crystals.
of all Coulomb interactions (Fig 2.1 F'), which runs over all atom pairs (ij) and all

periodic boxes, is replaced by two fast converging sums, one each in direct and in
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reciprocal space, and a constant term. Thus short cutoffs can be used each for the
direct and reciprocal sum (of the order of 10A and 10 wave vectors, respectively).
The computational cost of the reciprocal sum scales as O(N?) for the ordinary Ewald
method, but only as O(N log N) for the particle-mesh Ewald (PME)3%133 method.
Here the charges are assigned to a grid (‘charge grid’) which then is subjected to
a fast Fourier transformation. In the presented simulations, the PME method was
used with a neighbor-list, Coulomb, and van der Waals cutoff r; = r, = 9/OX, and
the charges were assigned to a grid with a lattice constant of 1.2A using cubic

interpolation.

Parallelization

The run times of MD simulations can be considerably shortened by running each
simulation on several processors in parallel. Here the atoms of the simulation system
are distributed on the processors; this is done such that the required data transfer
is minimized and the workload of the individual processors is maximized. The
simulations of the present work were mainly run on clusters of 500 and 1000 MHz

double processor PCs; for each simulation, two processors were used in parallel.

2.2.6 Minimization and equilibration

Minimization and equilibration have been carried out prior to the production si-
mulation and serve to relax the system to an equilibrium for a given — usually
physiological or room — temperature, in which the energy is equally distributed to
all degrees of freedom. This relaxation is necessary, especially for the present work,

for several reasons.

Most molecular dynamics simulations start from x-ray structures of macromolecules,
which are determined at a limited resolution of 1.5—7 A™ (2.4 A for the x-ray struc-
ture used in the present work™). These are determined by fits to obtained electron
density maps™ and refined by simulated annealing and minimization procedures, in
which the knowledge about covalent geometries is added.'3*13 Nevertheless, due to
trade-off between force field and goodness-of-fit to electron density maps the result-
ing structures can show abnorm bond lengths, considerable deformations of bond or

torsion angles, and even overlaps of van der Waals spheres. In the present work, such
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overlaps could also result from several modeling procedures which were necessary
(see Secs. 3.1).

Such strains can lead to extremely high forces, which, for free MD, would desta-
bilize the system. These strains were relaxed by a steepest descent on the energy
landscape, until a local minimum was reached. In this iterative procedure, the step
size, for which an initial value of 0.1 A was chosen, was adapted to the steepness of
the potential; the descent was continued until the step size (in nm) converged to the

machine precision.

Subsequent to the minimization, the system is coupled to a heat bath (Sec. 2.2.4),
heated to the target temperature 300 K and subsequently equilibrated at this temper-
ature. The equilibration is monitored by plotting relevant observables (see Sec. 2.3.1)
versus time (see Secs 3.2.4 and 3.2.6). In a first step (see Chap. 3), equilibration

was considered complete, when drifts of these observables were absent or small.

The absence of drifts, however, may indicate that the peptide has reached a meta-
stable rather than a stable state: If the initial configuration of a simulated peptide
is far away from its native structure, as it was possibly the case for the 5-residue
syntaxin linker studied here, energy barriers might trap the peptide in a local free
energy minimum distant from the native state. In this case, the peptide cannot reach
equilibrium. Simulated annealing, which was used to facilitate the escape from local

minima, is described in the next section.

From the part of the trajectory succeeding the minimization and equilibration phase,

thermodynamical properties were calculated as sketched in Sec. 2.3.2.

2.2.7 Accelerated traversing of energy barriers

The structure and dynamics of polypeptides and proteins is governed by a high-
dimensional, hierarchically ordered free energy landscape, which arises from the
complex structure of these biomolecules.'*® A large number of nearly isoenergetic
local minima, corresponding to the conformational substates of the proteins, are sep-
arated by energy barriers of different height. Localized motions usually involve the
traversing of small energy barriers which can be overcome on picosecond timescales;
collective motions involve higher energy barriers and rather occur on nano- or longer

timescales.™”
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Due to the system size of 20,000 atoms and the small integration time step of 4 fs,
only nanosecond timescales were accessible for the simulations. During these small
timescales only a small region of the accessible conformational space is sampled. This
is called the sampling problem and is a general challenge for MD simulations; there-
fore a couple of methods have been developed to facilitate the traversing of energy

96,138-146 139 “conformational flooding”,*43

81

barriers, e.g., MD in four spatial dimensions,

“self-guided MD”,*** and “puddle skimming”,}*® see review.

In some of these methods the acceleration is obtained by producing an unphysical
distribution during a ’sampling phase’, which then is relaxed towards a physiolo-
gical distribution by slowly scaling an appropriate parameter during a 'relaxation
phase’ 819139 Tn the present work, the method of simulated annealing®® was used,
in which the sampling and the relaxation phase are effectuated by appropriately
heating and cooling the system. Groups of annealing runs (‘annealing sets’) were
performed for different solvated peptide-membrane systems. Each annealing set con-
sists of a 1ns sampling phase, during which the system is coupled to a heat bath
of 1500K (cf. Sec. 2.2.4, and see Fig. 2.2, brown curve). From the resulting tra-
jectory, 27 structures (green circles) were chosen. Each of them was cooled down
by decreasing the target temperature (Sec. 2.2.4) to 300 K linearly in time within a
relaxation phase of 400 ps (sloped blue lines), and then equilibrated for further 200 ps
(horizontal blue lines) at this temperature. The 27 final structures thus obtained
(red crosses) were used for further analysis. The annealing simulations of this work

are described in Chap. 4.

— sampling run

— annealing runs:
400 ps annealing Figure 2.2: Procedure employed for each
200 ps equilibration]

1500 T
annealing set. From a 1ns high tem-

< perature sampling run (brown curve), 27
~ snapshots (green circles) were selected,

annealed for 400ps, and subsequently
300 1

equilibrated for 200 ps (blue curves). The

1
500 1000 final structures (red crosses) were kept for

1 [ps] further analysis.
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2.2.8 Restraints

In the presented simulations several restraints were used. Selected atoms were kept
close to their initial positions ry by subjecting them to a harmonic potential ("posi-

tion restraint’),
ke
V(r) = 5(1« —19)% (2.16)
Here a force coefficient k, = 358 kcalmol *A~2 was used, just small enough for the

respective vibration period to exceed the chosen integration step width by at least

a factor of eight.

Selected backbone dihedral angles were stabilized by defining supplementary dihe-

dral contributions®*

Va(¢) = ko[l + cos(¢ — ¢o)] (2.17)

for the peptide, with ¢y = a4 180°, o denoting the initial value of the dihedral, and

a force constant of ky = 191 kcal mol ™ *deg ™2

Selected helical peptide segments were stabilized by imposing the distance restraint
potential implemented in GROMACS® on the O; — N; ;3 atom pairs ("1-4 distance
restraints’), which form hydrogen bonds within a-helices. Its shape can be seen in
Fig. 2.3; it was chosen constant for distances smaller than the typical hydrogen bond
distance 3A — such that intact hydrogen bonds were not perturbed —, harmonic
with a force constant kg = 239kcalmol 'A~! between 3 and 6 A, and linear for

larger distances.

6 L] L} L]
= 4r ]
I
£
ki
N
o ol 4
0 1 . . .
Figure 2.3: Distance restraint poten-
0o 2 ;, s é o tial applied to backbone O; — Nj;3

atom pairs ('1-4 distance restraints’).
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2.3 Analysis Methods

For the room temperature trajectories, the configuration of the system after every
400 fs, as well as the annealing final structures (Fig. 2.2 red crosses), were kept for
further analysis. Based on data from individual structures as described in Sec. 2.3.1,

thermodynamical properties were obtained as sketched in Sec. 2.3.2.

2.3.1 Analysis of individual snapshots

Observables

Fig. 2.4 shows the four focused observables. These are the H3 helix tilt # and the
TM helix tilt Oy with respect to the bilayer normal (z axis), the position zry of
the center of mass of the TM helix C,-atoms relative to the average z-position of
the phosphor atoms of the bilayer, and the position zj, of the center of mass of
the linker C,-atoms relative to the average z-position of the phosphor atoms of the

proximate monolayer.

el

hmm -
__,lwlink

Figure 2.4: Reaction coordinates, H3
helix tilt angle 6, TM helix tilt Oy,

- - Z
T LERRRERREE R ol TM helix position zry, and linker po-

sition zjnk. The red rectangles indi-

cate the polar regions, the green rect-

angle the hydrophobic core of the bi-

layer.

For a given peptide configuration, the helix orientations were determined by diago-

nalizing the covariance matrix

C={(x—-%)(x—%7) (2.18)
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of respective C, coordinates x. The desired orientation was then given by the

eigenvector associated to the largest eigenvalue.

Peptide helicity

The helicity of the linker and TM residues was analyzed using the criteria of Kabsch
and Sander.'*” These base on the presence or absence of respective hydrogen bonds,
as decided by an energetic cutoff criterion. This has the advantage that only a single
decision parameter has to be chosen. In contrast, e.g., using backbone ¢, ¢ dihedrals

(Fig. 1.3), four angles for a rectangle in the ¢, plane would have to be chosen.

The electrostatic energy E between a backbone carbonyl group C=0 and a backbone
amide group N-H was calculated by assigning partial charges to the C,O (+q1, —q1)
and N.H (—¢a, +¢2) atoms,

1 1 1 1
pown( i L1, 210
TON TCcH ToH TCN

with ¢ = 0.42e and ¢» = 0.20e, e being the electron unit charge and rap the
interatomic distance from A to B. The distances r are given in A the dimensional
factor f = 332, and F is obtained in kcal/mol. While a strong hydrogen bond has
a binding energy of about —3kcal/mol, a generous cutoff is chosen which allows for
bifurcated hydrogen bonds:'4” A hydrogen bond was assigned between the C=0

group of residue ¢ and N-H of residue j, if F was less than the cutoff,
Hbond(i,j) : { E<-0.5kcal/mol }.
A hydrogen bond from CO(i) to NH(i + 3) formed a '4-turn’, i.e.,
4-turn(z): Hbond(i,i+3).
Two consecutive 4-turns formed a minimal a-helix,
a-helix(i,7 + 3): { 4-turn(i — 1) and 4-turn(7) }.

In particular, this definition imposes no requirement on the the hydrogen bond state

of residues 7 + 1 and 7 + 2.
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Peptide-lipid hydrogen bonds

For ensembles of structures obtained from MD simulations at 300 K and sets of sim-
ulated annealing runs, the hydrogen bonds between the peptide and the surrounding
lipid headgroups were determined using the program g_hbond of the GROMACS si-
mulation package.®* Hydrogen bonds were counted, as a geometric cutoff criterion,
if the distance between the hydrogen atom and the acceptor was below 2.5A and

the angle between hydrogen atom, donor and acceptor was below 60°.

2.3.2 Thermodynamics: Free energy calculations

As a measure for the bending stiffness of the linker, the free energy landscape G(0)
along the H3 helix tilt angle 6 was determined from the equilibrium distribution p(#)

of # in a free dynamics simulation according to
G(0) = —kgTInp(0). (2.20)

Here T" denotes the temperature and kg Boltzmann’s constant. A broad or narrow
distribution indicated a soft or stiff potential, respectively. Here, omitting a 3ns
equilibration phase, p was estimated from the final 2 ns of a 5ns room temperature
trajectory (5000 structures). This approach allowed to extract free energy landscapes

G(z) for several reaction coordinates = (Fig. 2.4) from a single simulation.

Eq. 2.20 was applied as follows: An appropriate range [Zin, Tmax| Was divided into
v/n+ 1 bins of equal width Az, where n is the number of available structures of the
given ensemble. From the relative frequencies p; of structures for which z falls into
the i-th bin, an estimate for the free energy landscape is obtained from a discretized
version of Eq. 2.20,

G(z;) = —kgTInp;, (2.21)

where x; denotes the center of bin i. To remove statistical noise, the energy landscape
was smoothed by a Gaussian filter of width ¢ = 5Axz. Additionally, the associated

stiffnesses were determined from harmonic fits,

Gu(z) = %k(x —p)?, (2.22)

to the free energy landscapes, obtained by computing average (equilibrium) values

h= (z) (2.23)
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and variances
o? = (& — u)?) (2:24)

of the observable z. Effective stiffnesses k were obtained from these harmonic fits
via

k=kgT/o?. (2.25)

For the tilt angle 6, Eqgs. 2.21, 2.23, and 2.25 were also applied to sets of annealing
final structures (Fig. 2.2, red crosses). Here no Gaussian smoothing for the free

energy landscape G(6;) was performed.

To estimate how much the linker stiffness reduces the fusion energy barrier (and
thereby increases the fusion efficiency), the energy AG = G(6,) — G(6y) required
to bend the H3 helix from its average value 6, to the value ; = 80° needs to be
calculated. Here 6; was chosen smaller than 90° assuming that an induced membrane

bending reduces the energy that is actually transmitted to a small extent.

In the free dynamics simulations (see Chap. 3), however, not the whole range be-
tween 6y and 6; was sampled, and, accordingly, G(6) could only be characterized
close to the observed minimum. To extend the range of observed 6 values towards
regions which are rarely visited in the original Boltzmann ensemble, a bias potential
(umbrella potential)**® V*() could have been added to the original energy func-
tion to restrain 6 close to a desired value é; the sign-inverted ensemble-averaged
value —(0V*/00) of the required restraint torque would then yield the respective
mean torque of the original ensemble. The free energy landscape (potential of mean
torque) could then be calculated by integrating the mean torque obtained from mul-
tiple simulations at discrete values of Z, or from appropriate time windows of a single

simulation in which # varies sufficiently slowly over the whole desired range.'*’

This approach was not applied, as the 6 values observed in the sets of annealing final
structures were distributed over the whole range [0°, 0;], such that the calculation
of AG did not require the usage of an umbrella potential. A harmonic function
(Eq. 2.22) proved to be a reasonable approximation to G(#) in the relevant angle

interval, such that the tilt energy could be estimated from

AG = %k(@l —p)?. (2.26)
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Free energy of helix formation

For selected residues i, the probability p; and free energy AG; of helix formation was
estimated from sets of annealing final structures (Fig. 2.2, red crosses) as follows:
Using the criteria described above the number n; of structures was determined for
which one of the neighbors of the residue ¢ was a-helical, and the number f; of
structures in which the residue ¢ was a-helical itself. The free energy AG; of helix

formation was estimated via

AG; = —kpTln 2| (2.27)
L —p;

with

Hydrogen bonds and atomic positions

For the 2 ns production phase of free dynamics runs, the average z position 2y = (z)
of C, and side-chain nitrogen and oxygen atoms with respect to the phosphor atoms
of the linker-proximate lipid monolayer, and the average number Nyg = (ngg) of
hydrogen bonds between the peptide and lipid headgroups as well as respective

fluctuations
0, = {(z — 2)H)Y? (2.29)

and
onus = ((nus — NHB)2>1/2 (2.30)

were determined.

2.4 Statistical accuracy and significance

In contrast to the 5000 structures obtained from the room temperature ensembles,
the annealing sets (Sec. 2.2.7) provided only 27 final structures, thus limiting the
accuracy and resolution of the obtained free energy landscapes for the tilt angle 6
according to Eq. 2.21, as well as the accuracy of the parameters of the harmonic fit
(Egs. 2.23 and 2.25), the tilt energies (Eq. 2.26), and free energies of helix formation
(Eq. 2.27). That is, estimates y(x) (e.g., average tilt angles ;) were obtained from

small samples x = (z1,...,x,) [e.g., arrays (0y,...,0,) of tilt angles| and, thus,
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are broadly distributed around the respective true value 5. As a measure for the
statistical accuracy of the estimate y(x), a range [y_(x),7+(x)] was determined

which contains vy with a high probability 1 — a (see Fig. 2.5, left),
P(r-(x) <0 < 7+(x)) =1 —a; (2.31)

that is, if many samples x’ were drawn, the respective ranges [y_(x'), v4(x’)] would
contain vy in (1 — «) - 100% of all cases. Such a range is referred to as (1 — )

confidence interval. For the present work, o = 0.05 was chosen.

JAGA)

fo(AY)

—
Y. Y Y 0 Ay, Ay
Y AY

Figure 2.5: Confidence (left) and significance (right) estimation. For explanations see

text.

Similarly, differences of estimates y(x) and ~(y) obtained from different samples
x = (z1,...,2,) andy = (y1,...,Yn), i.€., different sets of annealing final structures,
may either arise from statistical fluctuations or reflect a difference v; # 7, of the real
values, thus being significant. To discriminate between these two cases, hypothesis

tests were performed. Here, under the null hypothesis
HO Y= Y2, (232)

from the single sample pair x and y, the expected distribution fxy(A7Y) (see Fig. 2.5
right) of the test quantity

Ay(xX,y') = [Iv(X) =) (2.33)

(or a similar quantity sensitive to Ay) for a long series of sample pairs x’ =
(x1,...,2,) and ¥ = (Y1,...,Yn), drawn from the same distributions as x and

y, respectively, is estimated. If differences Ay(x’,y’) equal or larger than the one
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actually observed, Av(x,y), rarely occur, i.e., with a probability lower than a prede-
termined small error probability (significance level) a (as it is the case in the figure),
the hypothesis is rejected. The significance level «, for which Hj is just rejected,
is called the a-value of the performed test. It is a measure for the significance
of observed parameter differences; small a-values indicate high, large a-values low

significance.

Confidence intervals and statistical significances were calculated for estimates or
pairs of estimates, respectively, obtained from sets of annealing final structures. Un-
like subsequent structures from normal MD trajectories which are highly correlated,
annealing final structures should, by construction, be hardly correlated. Therefore
confidence and significance estimation could be performed using methods which base
on the assumption that subsequent data points x; and x;; of each sample x are

independent and obey the same underlying distribution.

Confidence intervals for the average tilt angle, the tilt stiffness, the free energies
of tilt intervals, and the free energies of helix formation, were determined from
accurate analytical methods (see Sec. 2.4.1). For tilt energies no analytical method

was available, therefore a numerical method was applied.

For the hypothesis test on the equality of average tilt angles, the only available accu-
rate analytical method, Student’s t-test, required to assume equal tilt stiffnesses,'®
i.e., equal variances, and therefore was not appropriate for the present work. A
modified Student’s t-test for arbitrary variances is only valid for large sample sizes
and, therefore, too, presumably inadequate for this work. Thus, a numerical hypo-
thesis test was used instead. Numerical hypothesis tests were also used to test on
the equality of tilt stiffnesses, free energies of tilt intervals, and the free energy of

helix formation (see Sec. 2.4.2).

2.4.1 Analytical confidence estimates

d™° was used.

For the analytical estimation of confidence intervals the pivot metho
Here, as the true parameter vy was unknown, a pivotal quantity m(x’,~y) was con-
sidered, whose distribution did not depend on ~y. From the distribution of 7, a
respective confidence interval [m_(x'), 74 (x’)] was determined. Setting x’ equal to
the observed sample x, this interval for m was converted into a confidence interval

for ~o.
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The confidence interval of m was not uniquely fixed by Eq. 2.31 and chosen such

that the excluded tails of the distribution of 7 had equal weight,?°
P(mg < m_(x)) = P(r(x) < mp) = /2. (2.34)

Because the distributions of the chosen pivotal quantities are nearly symmetric (see
Fig. 2.6), this interval has, to a good approximation, minimal length, and therefore

yields a preferably accurate estimate.'®

The pivotal quantities used for analytical confidence estimates were

t =t Ho (2.35)
o
for the average tilt angle,
5, (n—1)0?

- I 2.36
X 2 (2.36)

for the tilt stiffness, and

n

=,/ ——(—po), 2.37
n po(l _ pO) ( 0) ( )

for the free energy of tilt intervals and helix formation. Here po denotes the true
average, (1 the empirical average according to Eq. 2.23 (with x = ), o the empirical
variance from Eq. 2.24, oo the true variance, n the sample size, p the probability
estimate (Eq. 2.14) used to calculate free energies (Eqs. 2.21 and 2.27), and po the

true probability value.

Assuming that the tilt angles obey a normal distribution, ¢ (Eq. 2.35) obeys a

Student’s t-distribution with n—1 degrees of freedom, ™" with the probability density

function?®

r'(%)

(n — Dal(%5)

2\ 2
T ) = (1 +— 1) , —00 <t< oo (2.38)

(for the sample size n = 27 see Fig. 2.6, left) and x? (Eq. 2.36) obeys a y?-distribution

with n — 1 degrees of freedom,'®® with the probability density function®

X ) — F((nfl)/;)wfl)/zeft/%(n*l)/%1 , 0<t <o, 2.39
nfl(t) - ( . )
0, t<0,

(see Fig. 2.6, right), where I’ denotes the gamma function,”®

[(z) = /e_ttm_ldt. (2.40)



2.4. STATISTICAL ACCURACY AND SIGNIFICANCE 39
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Figure 2.6: Probability density functions of Student’s ¢-distribution (left) and x>2-

distribution (right), each with 26 degrees of freedom. Also shown are the respective 0.025
(a/2) and 0.975 (1-a/2)-quantiles.

The probability estimates from Eq. 2.14 obey a binomial distribution. Assuming
sufficiently large sample sizes, this distribution is approximated by a normal dis-
tribution with the center py and the standard deviation [n/po(1 — po)]~/2; within
this asymptotic approximation, n (Eq. 2.37) obeys a normalized, centered normal
distribution with the probability density function

I _1p

o(t) = o-e . (2.41)

Equating the weights of the excluded tails for 9 219 and n (Wilson score

method!®), respectively, yields the associated confidence intervals

[t t], te =t 1i1ap, (2.42)
[X2_>X3L] = [X?L—l,a/2>X$L—1,1—a/2] ; (2.43)
—m4], N = £ ap. (2.44)

Here t, 1.1_q/2 is the (1 — a/2) quantile of the ¢-distribution, defined via'™

tn—1,1—a/2

/ fF(x)de=1—-a/2, (2.45)

and Xi—La/Qv Xi—l,l—a/Q’ and ¢1_, denote the respective quantiles of the of the
x% and the centered normal distribution (cf. Figure). Using Eqgs. 2.35 and 2.36,
respectively, Eqgs. 2.42 and 2.43 convert into the confidence limits

g

pt+ = p \/ﬁtn—l,l—a/Q (2.46)
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for po and

[02,0%] = (n =)o~ <n2_ Do (2.47)

2
Xn-11-a/2 Xn-1a/2

for 02.1%% The confidence limits py. for py are the solutions of the quadratic equation
for py obtained by squaring and equating Eqs. 2.37 and 2.44,%!

_2f+a’ta/a?+4f(1— f/n)
B 2(n + a?)

P+ , (2.48)

where a = ¢1_, /2. Note that the values p4 from Eq. 2.48, although derived within the
asymptotic approximation, provide accurate confidence limits according to Eq. 2.31

for sample sizes n down to 5,2 and thus could be used for the present work.

The respective confidence interval for the stiffness k is obtained from Eq. 2.25 by
replacing o by its bounds o ; the confidence limits for G(6;) and AG; were calculated
from Eqgs. 2.21 and 2.27, respectively, by replacing p; by its bounds p. obtained from
Eq. 2.48.

2.4.2 Numerical confidence and significance estimates

For numerical confidence and significance estimation the bootstrap method!®® was
used. As sketched in Fig. 2.7 (top), its basic idea is to estimate the probability
density distribution f(x) underlying the individual data points z; of a given sample
x = (x1,...,2,) as a sum of equal-weighted delta functions at these data points

(gray bars), §
fla) = % > o). (2.49)

For confidence estimation, B synthetic samples x;, (bootstrap replica) are generated
from f(x), each equal in size to the original sample x, by sampling with replacement

from x. From the distribution g(~v*) (Fig. 2.7 bottom) of respective estimates v; =
7(x5),
1B
9() =5 D 0v =), (2.50)
b=1

a confidence interval [y_, .| is obtained via excluding tails of total weight a.

Similarly, for hypothesis tests, B pairs of samples x* and y*, each equal in size to the
original samples x and y, respectively, are generated via sampling with replacement
from appropriately modified data sets X and y (see below) to determine an empirical

distribution of the test quantity Ay(x*,y*).
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Y.

_ Figure 2.7: Numerical confidence es-

& timation via bootstrap method. Top:

Empirical distribution f(z) of mea-

0 sured observable x. Bottom: Dis-

. tribution g(v*) of replications 7; =

T T v(x},) obtained from B = 50 boot-

strap replica xj. The bars indicate

:;: delta functions according to Eq. 2.49

- (top) or Eq. 2.50 (bottom), respec-

0 tively. The values y_ and ~v4 yield
' ;

the limits of a 95% confidence inter-

val.

Confidence intervals [AG_, AG ]| for tilt energies AG (Eq. 2.26) were estimated from
an empirical distribution of estimates AG(x*), obtained from B = 5000 bootstrap
replica x via excluding tails with weights a/2 each. To verify that convergence was

reached, varying numbers of replica were considered.

Hypothesis tests for parameters of harmonic fit

To test on the equality of average tilt angles and tilt stiffnesses, respectively, a boot-

3 was used. To obtain a theoretical foundation

strap test on the equality of means'
of this test, a general frame for such bootstrap hypothesis tests was created, in which

the used bootstrap mean test could be embedded as a special case.

Consider the following case. Given two samples X = (z1,...,2,) andy = (Y1, ..., Ym)
of a continuous variable, the null hypothesis H, that the underlying distributions of
x and y match in a parameter v (cf. Eq. 2.32) shall be tested. To determine the dis-
tribution of a test quantity ¢ (Eq. 2.33) under this null hypothesis, bootstrap replica
of x and y are created from two respective distributions of the form 2.49. To fulfill
the null hypothesis, however, the ¢ functions are not located at the original values
x; and y; of the data points, but at shifted values &; and g;, such that the resulting
distributions will match in the value of . The v values of the distribution are ex-
pected to match if the transformed ’samples’ X = (Z1,...,%,) and ¥ = (1, .., Um)

are chosen such that the respective v estimates are equal,

V(%) =7(¥)- (2.51)
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Simultaneously, x and y must only minimally deviate from the original samples x
and y. Therefore, using the Lagrange multiplicator method, the sets x and y are

chosen such as to minimize the function

n

L&, §. M pv) =y (& — ) + Z(ﬂi —y)* + AyX) = pl +v[y(F) - pl. (252)

i=1
Sampling by replacement from X and y, the empirical distribution of the test quan-
tity,

HXE YY) = [y (X)) =~ (3] (2.53)
is determined. The fraction of samples for which ¢ exceeds the observed value yields

the desired significance.

For v = (z), the transformed samples read

with () W)
n) + my

= — 2.55

p T (2.55)

This reproduces the bootstrap hypothesis test on the equality of means found in the

153

literature, > if the test quantity is modified to

- [(2) — (7)]
t(z,9) = _ _ _ — . (2.56)

{[{(@ = (2))%) + (7 — (@))D)]/n}'/?
This test was applied to sample pairs {6}, {8} to test on the equality of average
tilt angles ('bootstrap mean test’); for stiffnesses, it was applied to the absolute
deviations from the mean, {|0— (0|}, {|0 — (6)|} ("bootstrap variance test’). In both
cases, 30,000 bootstrap replica were generated. To check for convergence, varying

numbers of replica were considered.

Probability test

For differences in the helicity of the individual linker residues (Eq. 2.27), a modified
bootstrap test for the equality of probabilities ('bootstrap probability test’) was
devised: For two structure samples of sizes n; and ns, let the studied residue be in
helical conformation in k; and ko cases, respectively, yielding probability estimates
pi = ki/n;,i = 1,2. With the null hypothesis that the underlying probabilities are
equal, the expression

po ks (2.57)

n1 + ng
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provides the best probability estimate. That estimate was subsequently used to
generate bootstrap samples, thus yielding empirical distributions for k; and ke and,
therefore, also for the test quantity ¢ = |p;—po|. Hence the significance was estimated

similarly as above.

Statistical independence of successive tilt angles

To check to what extent the tilt angles #; and 6,1 of successive annealing start
structures (Fig. 2.2, green circles) can be considered statistically independent, the

(auto-)correlation coefficient r,

r= 2_i(0i — (0)0) (is1 — (0)1)
(5001 — @) (S (ber — (0) )72 (25%)

with (0)g = >_,0;/(n — 1) and (0); = >, 60;41/(n — 1), was calculated. The sig-

nificance of the calculated correlation coefficients was assessed by a 'bootstrap cor-

relation test’ for the null hypothesis of uncorrelated data. Bootstrap samples were
generated by randomly permuting the 6;, and the significance was estimated similarly
as above from the obtained distribution of the test quantity t = |r|. A similar proce-
dure was applied to the tilt angles of successive annealing final structures (Fig. 2.2,

red crosses).
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Chapter 3

Room Temperature Simulation
Results

In this chapter room temperature simulations are presented which were performed
to predict the structure and stiffness of the syntaxin linker. Based on the assumption
that the linker in its native environment folds downhill on the free energy landscape,
the linker was modeled in an arbitrary initial conformation and expected to drift

towards its native structure during a subsequent molecular dynamics simulation.

Sec. 3.1 describes a pilot study in which the relevance of the membrane to the linker
properties was checked by simulations without membrane environment and with a
simplified membrane model, respectively. Sec. 3.2 presents the main simulations
which were carried out with an explicit lipid and solvent environment. Here, two
different lipid compositions were chosen, yielding a neutral and an acidic bilayer.
Furthermore, besides the wild type peptide, also a prolonged mutant was simulated.
From these simulations, free energy landscapes for relevant observables, such as helix

tilts and peptide position within the membrane, were obtained.

3.1 Pilot studies: absent and simplified lipid en-
vironment
The linker structure is presumably influenced by the adjacent peptide regions, the

cytosolic H3, and the TM domain. As each of these is a-helical, the associated

backbone dipoles (the CO and NH groups) are aligned and create a considerable total

45
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dipole moment pointing towards the N-terminus; this helix dipole could stabilize an
a-helical linker conformation. Also adjacent side chains could strongly influence
the linker conformation via electrostatic as well as steric interactions. Therefore,
besides the linker itself, linker-adjacent H3 and TM segments were included within
the simulation system. In addition to that the solvent environment was considered
to strongly influence the linker conformation (Sec. 2.2.2); thus an explicit solvent

environment was chosen.

Just form first principles it could not be decided, if the lipid environment affects
the linker structure, too, and, therefore, should be included within the production
simulations. To decide this question, two simulations of 2 ns length each were carried
out (Tab. 3.1); the first without lipid bilayer, the second using a simplified bilayer
model described below. Here a peptide with a truncated TM domain (WT®) was
used. It comprised 22 residues (253 274), including eight H3 residues (253 260),
the five linker residues (261 -265), and 9 TM residues (266 —274) resulting in 234
peptide atoms, and a net peptide charge of +7e. The peptide sequence is given in
Tab. 5.1. The conformations of two linker residues (Ala-261 and Arg-262) obtained
from these simulations were used to model a linker start structure that was improved

in subsequent simulations with explicit lipid environment.

Table 3.1: Simulation systems used in pilot study

Simulation Peptide Bilayer [N,  lons N, a X b X c
system Model [A]
WTS /- WTS - 3036 7ClI- 9353 51.3 x 51.3 x 51.3

WTS/VdW  WT* VAW 4874 7Cl~ 14863 599 x 59.9 x 59.9

The peptide WT® (residues 253 —274) was simulated without (*~’) and with a simplified
("VAW?’) bilayer model. Given are the respective number of water molecules (Ny,), the

number of atoms (N,), and the initial size (a X b x ¢) of the dodecahedron box with
angles 60°, 60°, and 90°.

Fig. 3.1 helps the reader to keep track of the various simulations and their interde-
pendencies both for the pilot runs as well as for the subsequent equilibrium (Sec. 3.2)
and annealing runs (Chap. 4). To obtain a start structure (see Fig. 3.2 top left),
protein data bank (PDB)'* data (where available) and modeling were combined
(see Fig. 3.1, green boxes). The H3 helix was taken from chain F of the x-ray struc-

ture,” PDB entry 1sfc (green arrows from 'PDB-box). Because the x-ray structure
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only contains heavy atoms, polar hydrogen atoms were added using the program
pdb2gmx of the GROMACS package.!

| WT2/POP%/300K || WT, /POP%300K |—{ WT;,/POPYANNEAL |

WT,;"/POP°/300K

PDB Modeling

|WT9-/300K | |WT9vdw/300K

N;yPOP 7300K

—{ WT/POPYANNEAL/400ps |

[ WT/POP’/300K —{»{ WT/POP/ANNEAL/800ps |

WT/POP7/300K
N,,/POP’/300K

N,,/POP/300K | | Ni/POPYANNEAL |

L»-| WT/POP’/ANNEAL/1600ps |

[ WT/POP/SALT/300K > WT/POP/ANNEAL |

Figure 3.1: Overview of simulation runs and their mutual interdependencies. Blue (or
yellow) and red boxes denote room temperature runs at 7' = 300 K (also tagged '300K’),
and annealing sets CANNEAL?’), respectively; green fonts indicate simulations with intra-
cellular salt conditions. Green arrows denote input from the protein data bank or major
modeling steps; black and gray arrows indicate that a final configuration has been used as
a starting configuration for a subsequent simulation, either without (black) or with (gray)
modification. For nomenclature and specification of the various simulation systems, see

Tabs. 3.1, 3.4, and 3.5.

The TM domain was modeled as a right-handed a-helix, choosing the values ¢ =
—60° (see Fig. 1.3) for the angle between the plane containing the atoms C, N,
C, and that containing N, C,, C, and ¥ = —50° for the angle between the N-C,-
C and the C,-C-N plane. The linker was modeled in a more extended (’g-like’)
conformation. For the side-chain dihedral angles, the default settings of the used
molecular editor, INSIGHTIL® were used.

For the WT? /—/300K-simulation without lipid environment (Fig. 3.1 blue bozx, left
column), periodic boundary conditions were chosen. The box dimensions were cho-

sen such that minimum distance of 7 A between the centered peptide and the bound-
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ary was obtained; to minimize the number of solvent molecules which had to be
simulated, a dodecahedron box was used. After solvation, 7 Cl~™ ions were inserted
for charge compensation, placed at energetically favorable positions ('Coulomb crite-
rion’). In order to mimic the helix-stabilizing effect of the membrane (cf. Sec. 1.2.1),
the secondary structure of the TM helix was stabilized by 1-4 distance restraints
(Sec. 2.2.8). Similarly, to include the stabilizing effect of the coiled-coil helices which
were present in the crystal structure but not included within the simulation system

(Secs. 3.1 and 3.2.2), 1-4 distance restraints were also imposed on the H3 helix.

H3
Figure 3.2: Starting peptide structures (left) and
™ intermediate structures (right) of the two pi-
1= 0ns I=11ns lot simulations described in the text, without

lipid environment (top) and with simplified li-
pid environment (bottom). In the top right fi-
gure, the spheres show the residue pair forming
a hydrophobic contact which stabilized the final
structure of the peptide, i.e., the linker residue
Ala-261 (orange) and the TM residue Ile-270
(yellow). In the bottom panel, the red spheres
show the position-restrained water oxygen atoms
that mimic the sterical effect of a bilayer. In the

bottom right figure, the black circle marks the

two linker residues which spontaneously folded
I=0ns t=1.2ns

from loop into a-helical conformation.

The system containing the simplified bilayer, WT® /VAW (Fig. 3.2 bottom left), was
set up in a similar manner. The simplified bilayer served to reduce the conforma-
tional space available for the peptide due to the presence of the lipid bilayer and
was created by position-restraining (Sec. 2.2.8) all water molecules in a 5A layer
perpendicular to the TM helix (red spheres). In order to 'anchor’ the peptide in
this artificial membrane, also the backbone atoms of the TM helix were position-
restrained. The linker conformation was changed such that the side chains of the

linker and the H3 helix did not penetrate the membrane layer.

The two systems were minimized to remove possible strains of the x-ray structure
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(Sec. 2.2.6) and possible van der Waals overlaps within the peptide due to unfavor-
able side chain conformations or overlaps between the peptide and misplaced water
molecules. The systems were subsequently equilibrated at 300 K and a pressure of
1 bar (Sec. 2.2.4). Here, light hydrogen atoms (Sec. 2.2.5) and a time step of 2 fs
were chosen. To calculate the non-bonded forces, the twin-range cutoff was used

(Sec. 2.2.5). Snapshots of the system were recorded every 0.2 ps for further analysis.

As can be seen in Fig. 3.2 (top), in the absence of a membrane the solvated lin-
ker peptide folded within 1.1ns (trajectory WTS/—/300K) such that the H3 helix
fragment contacted the TM helix fragment. Closer inspection revealed that the fold-
ing was driven by the hydrophobic contact between the H3-adjacent linker residue
Ala-261 (orange) and the TM residue Ile-270 (yellow). The linker residues did not
adopt any secondary structure. In contrast, when the simple membrane model was
included (Fig. 3.2 bottom, red spheres) (trajectory WT®/VAW /300K), the H3 ad-
jacent linker residue Ala-261 spontaneously folded into a-helical conformation after
about 350 ps, as did Arg-262 after 400 ps (black circle, Fig. 3.2 bottom right). Also,
the orientation of the H3 helix remained stable and parallel to the TM helix. The he-
lical conformation of Arg-262 appeared to be only marginally stable and it unfolded

again after 1.2ns.

The main conclusion from this pilot study is that the structure of the linker and
the orientation and fluctuation of the H3 helix is presumably strongly affected by
the presence of and interaction with the membrane. Therefore, a (computationally
more expensive) explicit and accurate membrane model was used in all subsequent

simulations.

3.2 Peptide with explicit lipid environment

In the simulation WT®/VAW /300K (Sec. 3.1), after 0.3 ns two residues of the linker,
namely Ala-261 and Arg-262, adopted an a-helical conformation (Fig. 3.2 bottom
right, black circle) which remained stable for 0.9ns. Therefore the linker structure

after 1.2ns was taken as the start structure of the first simulation with an explicit
lipid environment, N7}-/POP?/300K (Fig. 3.1, gray arrow).

The simulated wild type peptide (WT) again comprised the five-residue linker, this
time the full TM domain, and cytosolic residues of the H3 helix; it was embedded in

an explicit lipid and solvent environment. Also a mutant prolonged by ten asparagine
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residues (Nyg) was studied. Fig. 3.3 shows the wild type peptide (WT) with the TM
domain (Ile-266 Gly-288, yellow), the 5-residue linker (Ala-261 Lys-265, red), and
the cytosolic H3 helix (Asp-250 Lys-260, cyan) embedded within a explicit lipid
(green) and a solvent (blue) environment. The phosphor, nitrogen, and oxygen
atoms of the lipid molecules are pictured as spheres, whereas for the remaining part
of the lipid and water environment bonds are shown as sticks (ions are not shown).

The magenta rectangle indicates the position of the Ny prolongation.

The TM helix was modeled using MolMol;'*® the side-chain dihedrals were set to
the default values provided by MolMol.

In order to avoid the creation of charges by the artificial truncation of the peptides
at the N-termini, these were modeled neutral as NHy groups. The C-termini were
modeled charged as COO™ groups. Similar to Sec. 3.1, the secondary structure of
the H3 helix was stabilized by 1-4 distance restraints. The simulated peptides are

characterized in Tab. 3.2.

Table 3.2: Simulated peptides

Peptide NV, Residues qle] Na
WT 39 250288 +6 373
Nig 49 WT + Asn;g 46 483

A wild type peptide with a full TM domain
(WT) and a prolonged mutant (Nip) were
simulated. Given are the respective number
of residues (N;), the net charge (¢), and the

number of atoms (V).

This approach allowed to study not only the linker properties, but also the properties
of the TM domain, such as membrane anchoring, TM helix tilt, and the stability of
the TM helix.

3.2.1 Lipid environment

Biological membranes consist of a large variety of — mainly — lipid and protein
molecules; their precise composition depends on the organelle or cell type which the

membrane belongs to.! Phospholipids, the most abundant lipid molecules, consist of
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Figure 3.3: Simulation system setup.
Shown is the C-terminal segment of
syntaxin, comprising an 1l-residue
segment of the H3 helix (Asp-250—
Lys-260, cyan), the 5-residue basic
linker (Ala-261—Lys-265, red), and
the 23-residue TM helix (Ile-266 -
Gly-288), embedded in a lipid bila-

/| yer (green, the green spheres indi-
AR 1;} % q‘ cate the phosphor, oxygen, and ni-
‘ trogen atoms of the polar regions),
with an explicit solvent environment
(water molecules are shown in blue,
ions are not shown). The magenta
rectangle indicates the position of the

10-asparagine prolongation present in

some of the simulations.

a hydrophilic headgroup and two hydrophobic hydrocarbon tails. The tails differ in
length, typically between 14 and 24 carbon atoms; the 16- and 18-carbon chains are
the most common ones. One tail usually has one or more cis double bonds (i.e., is
unsaturated), which produces a bend, while the other tail has not (i.e., is saturated).

The headgroup is typically zwitterionic or acidic.

In simulation studies of membrane proteins, the explicit lipid environment is usually
composed of a single lipid species. To obtain a more realistic model, in the present
work two mixtures of three abundant phospholipids were chosen (see Fig. 3.4). The
respective lipid molecules each consist of a saturated 16-hydrocarbon chain (palmi-
toyl residual), an unsaturated 18-hydrocarbon chain with the cis double bond in the
chain center (oleoyl), a glycerol, a phosphate (acidic), and an alcohol residue. The
chosen alcohol residuals were choline, ethanolamine, and serine. Accordingly, the
simulated lipids were palmitoyl-oleoyl-phosphatidylcholine (POPC) and palmitoyl-
oleoyl-phosphatidylethanolamine (POPE), both zwitterionic and palmitoyl-oleoyl-
phosphatidylserine (POPS), acidic, i.e., negatively charged at neutral pH.
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palmitoyl glycerol | phos- alcohol

choline
ethanolamine

serine

Figure 3.4: Chemical structure of simulated phospholipids. The roman numbers (I and
II) indicate positions at which atoms were changed to mutate a given lipid into another

one.

Tab. 3.3 specifies the two lipid compositions which were chosen to study the influence
of the lipid environment on the peptide properties. As binary mixture of POPC
11,157

and POPE a neutral bilayer (POPY) was modeled. A more physiologica acidic

bilayer (POP~) was modeled as a ternary mixture of POPC, POPE, and POPS

molecules.

Bilayer POPC POPE POPS gqle] N,
POPY 70 46 - 0 6032
POP~ 70 34 12 -12 6068

Table 3.3: Simulated bilayers. A neutral (POPY) and an acidic bilayer (POP~) were
simulated containing the zwitterionic lipids POPC and POPE, and the acidic lipid POPS.
The net charge of the bilayer is denoted by ¢, and the number of lipid atoms by N,.

The POPC force field originated from Berger et al.,'>® parameters for the unsat-
urated carbons and the partial charges of the POPE headgroup were chosen from
the GROMOS-878 force field.'® The POPS force field was obtained as follows (cf.
Fig. 3.4). Starting from the POPE force field, the CHy compound atom at position
IT was changed to a CH compound atom. To this atom, a COO~™ group was ap-

pended. The partial charges (Fig. 3.5) were chosen from the serine force field for the
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COO™ group and from the POPE force field for all other atoms. Lennard Jones,
bond length, bond angle, and dihedral parameters were adopted from the POPE
parameters, except those for interactions involving the changed compound atom or
the added group; these were obtained via comparison with other chemical groups

which are already parameterized in the GROMOS-87 force field.

0
Nl
H,C — CH; — C—O—CH; o o
0 o™ 08-07 g5 -0.635 -0.635
HSC—cgz—ﬁ:ﬁ—C:27—C—o— CH o \C/
0 0 0.7 -0.7 o‘,s —0‘.8 0.27
_537 CH, —o—P—O—CH—CH—N—
: 04 -07 17 -08 o4 03 -05\04
0 04
0.8

Figure 3.5: Chemical structure of POPS and associated partial charges which were derived
from the POPE charges using serine as a template. The gray boxes indicate compound

atoms.

3.2.2 Peptide insertion

3.2.3 Modeling

For the lipid environment, an equilibrated bilayer of 128 POPC molecules in a rect-
angular box, kindly provided by Peter Tieleman ,*%16° was used. For peptide
insertion, a cylindrical hole of radius 7 A was created by removing those four lipid
molecules from each layer whose headgroups were located within the hole region.
Subsequently, a weak repulsive and radially acting force centered at the vacated
region was applied to the lipid molecules during a short MD run to drive any lipid

tail atoms out of the cylinder into the bilayer.!%

Complete peptide insertion was prohibited due to severe steric conflicts between
the linker of the peptide (Fig. 3.3, red) and several lipid headgroups (green); this
hindrance could not be removed by minor changes of the backbone configuration of

the three remaining non-helical residues. As a result, the TM helix protruded at its
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N-terminal side into the polar region of the bilayer by about 5 10%, whereas, at the C-
terminus, a hole within the hydrophobic core of the bilayer of about the same length
remained. A “prosequence” of ten a-helical asparagine residues, was appended to the
C-terminus ('Nyo" mutant). It was expected that the peptide would relax and shift
downwards during the equilibration phase to fully bury the apolar TM residues in the
hydrophobic core of the bilayer, such that the prosequence could then be removed.
For the prosequence, the choice of asparagines was motivated by the expectation
that their high polarity” should drive them quickly out of the hydrophobic region
of the bilayer. Furthermore, the neutral asparagines should disturb the system only

slightly.

Two POPC molecules of each layer still overlapped with the peptide and were re-
moved. The desired lipid composition of the neutral bilayer was obtained by mu-
tating 46 uniformly distributed POPC into POPE molecules by changing the CHj
compound atoms at position I (Fig. 3.4) into hydrogen atoms. The system was
solvated for charge compensation (cf. Sec. 2.2.2). The composition of the system
(N19/POP") is shown in Tab. 3.4.

Table 3.4: Simulation systems for production runs

Simulation  Peptide Bilayer Ny Tons N, a X b X c
system [A]

WT/POP?  WT POP? 4718 6CI~ 20565 56.9 x 61.8 x 88.0
WT/POP~ WT POP~ 4725 6Nat 20622 56.5 x 61.3 x 84.2
N19/POP? Ny POP? 5292 6CI— 22397 60.0 x 61.8 x 88.0
N19/POP~ Ny POP~ 5046 6Na®™ 21695 57.0 x 61.8 x 88.0

Peptides are specified in Tab. 3.2, bilayers in Tab. 3.3. Given are the respective number

of water molecules (/Vy,), the number of atoms (IV,), and the initial box size (a x b x ¢).

3.2.4 Equilibration

The system was minimized and equilibrated for 5ns at 300 K and 1 bar (N7x/POP° /-
300K); the superscripts denote 1-4 distance restraints for the TM-helix ("T’) and
two linker residues Ala-261 and Arg-262 ('L’). The simulation protocol was chosen

similarly as in Sec. 3.1. Here, as in all subsequent simulations, heavy hydrogen atoms
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were used such that a timestep of 4 fs could be chosen (cf. Sec. 2.2.5). Snapshots of

the system were recorded every 0.4 ps for further analysis.

During the first 40 ps of the equilibration phase a fast relaxation motion perpendic-
ular to the membrane surface was seen, where the peptide penetrated the bilayer
by 2A (see Fig. 3.6); a slower relaxation by further 2.5 A occurred during the sub-
sequent 450 ps. In contrast to the simple membrane model used in the pilot study,
the TM-adjacent linker residue Lys-265 folded into a stable a-helical conformation.
This remarkable result is presumably due to the increased hydrophobicity of the
lipid headgroup region'®* which is now described more realistically than in the pilot
study. As will be analyzed in more detail below, this interaction is indeed quite
complex. During the subsequent 1.4 ns, after a temporal backward movement, the
peptide finally moved further towards the membrane center by 0.5A and reached
a stable position, which was apparently independent of the chosen start position.
For the next 3.2ns, only a slow drift is detectable, hence we assume the z-position
of the TM-helix to be close to equilibrium. The motion of the peptide brought the
linker into the polar region of the bilayer. The TM helix, initially perpendicular to
the bilayer, stabilized at tilts around 10°.

6
5F i
4 1 “
3 .

= o

N ; | Figure 3.6: Relaxation motion of

linker position perpendicular to the

or ] membrane surface with respect to
o 10'00 20'00 30'00 40'00 5000 average position of phosphate atoms

t[ps] during simulation N1}/POP?/300K.

3.2.5 Production runs

The set of the four possible combinations of lipid environment and peptide type
(Tab. 3.4) was obtained from the final structure of the trajectory Ni&/POPY/300K
(Sec. 3.2.4) as denoted in Fig. 3.1. The system N;;/POP? was transformed into
WT/POPY by removing the prosequence and solvent environment, modeling a new

C-terminus, and re-solvating the system.
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The two POPY systems (WT/POP® and Ny/POP") were transformed into respec-
tive POP~ systems (WT/POP~ and N;o/POP™) as follows: First the solvent en-
vironment was removed. Selected POPE molecules were changed into POPS mole-
cules. The four basic linker residues Arg-262—Lys-265 were assumed to bind four
acidic lipids, therefore four of the 12 POPS molecules were located in the vicinity of
the linker; the remaining POPS molecules were chosen uniformly distributed. Subse-
quently the system was re-solvated, and ions for charge compensation were added by
replacing selected water molecules in shells of radius 10 A around oppositely charged

groups ("Debye criterion’), and each of the modified systems was energy-minimized.

The four systems POP? and POP~ with wild type and extended peptide (Tab. 3.4)
were evolved in free dynamics simulations of 5ns (four blue bozxes in Fig. 3.1), using
similar simulation protocols as those in Sec. 3.2.4 without 1-4 distance restraints
on the linker and TM residues. Two final structures (taken from WT/POPY/300K
and N3 /POP?/300K) served as starting structures for subsequent high temperature

runs (red bozes).

A further room temperature simulation with the acidic lipid environment was per-
formed. From the equilibrated system WT/POP~, a system with intracellular salt
conditions (WT/POP~/SALT, see Tab. 3.5) was created by changing the Na™ into
K™ ions and inserting excess KT and C1~ ions according to the Coulomb criterion.
Here a more accurate calculation of the electrostatic forces was necessary; therefore

the — computationally more expensive — PME method (Sec. 2.2.5) was used here.

In order to check for a possible bias of the chosen linker start structure, an inde-
pendent line of simulations was performed. This started with simulation WTEP /-
POPY/300K (Fig. 3.1 second box, left column) with the linker now modeled in fully
a-helical conformation (subscript ‘H’). As no steric hindrance occurred in the polar
region and the peptide could be readily inserted, no membrane-stabilizing prose-
quence had to be appended. Otherwise, the simulation system was set up similar to
Ni;/POPY/300K. To equilibrate the lipid environment, the peptide was first immo-
bilized by position restraints on the backbone atoms of the TM domain (superscript
'P?). The superscript 'D’ denotes a 1-4 distance restraints on the linker and the TM
domain. In subsequent simulations, position restraints (WTER/POP?/300K) and
the distance restraints on the linker and the TM domain (WTg/POP°/300K) were

successively removed.
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Table 3.5: WT peptide simulation systems for additional annealing runs

Simulation Bilayer N, N_ N, N, a X b X c
system Al

WT/POP~/SALT POP~ 4697 11 17 20560 56.5 x 61.3 X 84.2
WTy/POP? POP® 4055 6 — 18576 65.8 x 714 x 107.1

The WT peptide is specified in Tab. 3.2, bilayers in Tab. 3.3. Given are the respective
number of water molecules (Ny,), the number of C1= (N_) and Kt (N,) ions, the total

number of atoms (V,), and the initial box size (a x b x ¢).

3.2.6 Linker stiffness

During the two WT simulations (WT/POP?/300K and WT/POP~/300K), two of
the five linker residues remained in random coil configurations providing a hinge
region between the H3 and the TM helix. Unexpectedly, visual inspection of the
trajectories already suggested that the linker was quite stiff as opposed to, e.g., the
highly flexible lipid tails. To quantify the stiffness, Fig. 3.7 A shows the H3 helix tilt
0 during the WT simulations (blue and green curve). The red and magenta curves

describe H3 helix tilts from Nyy simulations.

For the wild type peptide in the neutral bilayer (POP°, blue curve), after about
600 ps, the tilt angle stabilizes quickly at small values. For the acidic bilayer (POP~,
green curve), the tilt angle starts at higher values and shows a slow drift, until, after
3ns, it appears to be nearly equilibrated. Therefore the interval between 3ns and
5ns (gray) was chosen for the free energy estimates according to Eq. 2.21. The

H3 helix tilts from the N1 simulations are discussed below.

The obtained free energy landscapes are shown in Fig. 3.7 B. Both WT simulations
show a narrow energy minimum located at small angles (blue and green curves);
angles larger than 25° are rarely encountered. Accordingly, the H3 helix remains
nearly parallel to the bilayer normal with a small average tilt angle and considerable
tilt stiffness. To quantify these two properties, a harmonic potential (Eq. 2.22) was
fitted to the observed ensemble of tilt angles € using Eqgs. 2.23 and 2.25 yielding
equilibrium angles 6, and effective stiffnesses ky (see Tab. 3.6). Whereas the equi-
librium angles are similar for the two WT simulations, the additional charges of the

acidic bilayer (POP™) seem to increase the stiffness of the linker by a factor of two.



58 CHAPTER 3. ROOM TEMPERATURE SIMULATION RESULTS

80

— WT/POP/300K
— WT/POP /300K
— N,/POP’/300K
60 I — N, /POP /300K

ol |
0 1000 2000 3000 4000 5000
t [ps]
3
B
= 2 B
o
£
g 1
e
S 0F
_1 A A A A A
0 10 20 30 40 50 60
0[deq]

0 |
260 261 262 263 264 265 266
residue i

3.2.7 Effects of acidic lipids

Figure 3.7: (A) Tilt angle 6 of
the H3 helix with respect to the bi-
layer normal during room tempera-
ture free dynamics runs of the wild
type (WT) and the prosequence mu-
tant (N1g), both embedded within un-
charged (POP") and charged (POP™)
bilayer. The period which was used
for the free energy landscape esti-
mate, G(0), is shaded gray. (B)
Smoothed free energy landscape for
the H3 helix tilt angle, derived from
the four free dynamics runs of 2ns
length each, according to Eq. 2.21.
(C) Linker helicities determined from
the four 2ns free dynamics runs.
Shown are the relative frequencies
Phelix,i that each of the five linker resi-
dues is in helical configuration, given

that one of its neighbors is helical.

In order to check if the increased stiffness for POP~ correlates with an increased

linker helicity, the conditional probability p; of helix formation in the presence of

a helical neighbor residue was estimated for each linker residue i using Eq. 2.28
(Fig. 3.7 C'). As can be seen, residues Ala-261 and Lys-265 are in a stable helical

conformation for both bilayer types, whereas Arg-263 and Lys-264 remain in a ran-

dom coil conformation. The only — albeit very pronounced — difference is seen
for Arg-262, which is helical for POP~, but only marginally so for POPY. This

suggests that the larger stiffness is caused by the increased helicity, which, in turn,

is induced by the lipid charges. In particular, changing a single residue into helical

configuration can increase the tilt stiffness of the H3 helix considerably.
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Table 3.6: Parameters of harmonic fits

System o ko Orvo korm  Zinko Kook 2rvo ke
WT/POP® 9.9 25 16.7 71 -5.4 4.9 -3.8 4.7
WT/POP~ 81 50 129 74 -4.4 2.9 -3.0 4.0
Nio/POP® 272 4.2 16.7 59  -0.03 26 0.75 3.1
Nyo/POP~ 40 17 19.3 95 -1.7 3.7 -061 64

Parameters for H3 helix tilt (6o, kg), TM helix tilt (610, ko), linker
position (ziink,0, k2 1ink), and TM helix position (zpwm o, k2 1M ), as estimated
by Eqgs. 2.23 and 2.25. For 6 and 6y, the equilibrium values are given in
degrees and the force constants in calmol ‘deg™2. For 2y, and zra, the
equilibrium values are given in A and the force constants in keal mol~'A—2.
The definition of the observables is sketched in Fig. 2.4, the systems are
listed in Tab. 3.4.

3.2.8 Effects of prolongation

The 5-ns simulations of the mutant (Sec. 3.2.5) both for neutral (N,/POP?/300K)
and for the acidic (N1o/POP~/300K) bilayer (Fig. 3.7 A, red, magenta) were carried
out, as the tilt angle behaved quite differently already in the N /POPY/300K run.
This observation led us to suspect that the prosequence has a pronounced impact
on the mechanical properties of the linker; due to the considerable distance between

prosequence and linker region this effect was not expected.

Indeed, even though they start at small tilt angles, both systems show much larger
angles and larger fluctuations than the wild type already after 800 ps. Straight-
forward calculation of the respective free energy landscapes is complicated, due to
the notorious sampling problem. In particular, the N1o/POPY system (red) jumps
back to smaller angles after 4.2ns and remains in that (meta-stable) state for the
remaining simulation, such that, due to insufficient statistics, the computed free en-
ergy landscapes (Fig. 3.7 B) have to be judged with care. In particular, the relative
height of the two apparent minima cannot be estimated unless multiple transitions
are observed. In Chap. 4 this problem will be approached more systematically by

multiple simulated annealing runs.

Table 3.6 summarizes the results of the — in this case necessarily rough — harmonic

fits to the ensembles of Nyg tilt angles. As can be seen, for the neutral bilayer the
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average tilt angle of the linker of the mutant is about three times larger than that
of the wild type, whereas the stiffness decreased by a factor of five ~ mainly due to
the fact that two meta-stable states are encountered. For the acidic bilayer, an even
larger (by a factor of four with respect to the wild type) average tilt is seen and the
stiffness is about three times smaller. Although the individual fit parameters are
likely not very accurate at the present stage of analysis, the qualitative difference

between the mutant and the wild type is evident and thus deserves closer inspection.

In the following we studied the linker helicity for the mutant as possible cause
for the changed stiffness (Fig. 3.7 C, red, magenta). For both bilayer types the
conformations of Arg-263, Lys-264, and Lys-265 are similar to the WT systems. In
contrast, the quite stable helical conformation of Ala-261 for the W'T systems is
destabilized for the mutant in both bilayers, particularly for Ny /POP~ (magenta),
which also showed the largest average tilt. Apparently, the helicity of Ala-261 and
hence the stability of the backbone hydrogen bond between the backbone NH group
of Ala-261 and the backbone CO group of Tyr-257 is a critical determinant for the
spontaneous H3 helix tilt. The observed correlation is also seen in the time domain,
e.g., for N1 /POPY. Here, the pronounced and abrupt decrease of the tilt angle from
approx. 40° to 15° at 4200 ps (Fig. 3.7 A, red curve) followed, as shown in Fig. 3.8
(black symbols), a transition of Ala-261 from an equilibrium between helical and
non-helical conformation to a stable helical one at 3070 ps where it remained for the
rest of the trajectory. Also, at 3200 ps, Arg-262 (gray curve) folded into a stable
helical conformation which was shown to be crucial for the H3 helix tilt stiffness in
the wild type. Moreover, the observed sequence of events in this case rules out the
possibility that helix formation is the consequence of tilt angle changes rather than
their cause. Although an (unknown) common cause can not be strictly ruled out,
we attribute for both mutant systems the increased average tilt and decreased tilt

stiffness to the reduced linker helicity.

3.2.9 Linker embedding

The previous result that inclusion of a realistic membrane environment can change
the helical content of the linker suggested a mechanism for the initially unexpected
long-distance impact of the prolongation: By changing the z-position of the TM-
helix, the prolongation could expose the linker region to a more hydrophilic envi-

ronment and thereby destabilize the backbone hydrogen bond between Ala-261 and
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+Ala—261
<+ Arg-262

Figure 3.8: Secondary structure of re-

sidues Ala-261 (black) and Arg-262

0 . 2000 . 4000 (gray) during simulation N1g/POP? /-
‘lps] 300K.

Tyr-257 which, in turn, affects the mechanical properties of the linker. To check this
hypothesis, the vertical linker position zj;, with respect to the average positions of
the phosphor atoms of the proximate polar region (see Fig. 2.4) was monitored for
all four systems and the respective free energy landscapes were determined using
Eq. 2.21. As can be seen in Fig. 3.9 A and from the harmonic fits listed in Tab. 3.6
(Z1ink,0, K2 1nk) all four systems exhibit narrow energy minima; accordingly, the z po-
sition of the linker is well-defined. As expected, the position of the wild type (blue,
green) is shifted with respect to that of the mutant (red, magenta) in such a way
that the linker becomes buried deeper within the membrane, thus supporting our
hypothesis. This effect is particularly strong for the neutral bilayer with a shift of
5.4 A and less pronounced for the charged bilayer with a shift of 2.7A. Interestingly,
compared to the neutral bilayer, the lipid charges shift the linker positions of wild
type and mutant in opposite directions by approx. 1 A. As shown in Tab. 3.6, the
linker of the N1g mutant is located roughly at the z-position of the phosphate groups,
whereas the linker of the wild type resides unexpectedly deep in the membrane sug-
gesting that the membrane environment strongly influences the linker properties in

this case.

For POP ™, the difference of zjuk0 between WT and Ny is decreased as compared
to the respective POP? systems by a shift of 1A for WT and a shift of 1.7A for
Nig (see Tab. 3.6) towards intermediate values. This may reflect strong electrostatic
interactions between the basic linker residues and acidic lipids which should be
strongest near a particular linker position zjuke. This position apparently resides
between the equilibrium positions of WT /POP~ and N;,/POP~, presumably closer
to the value for WT/POP~, as judged from the lower shift induced by the lipid
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charges for WT; i.e. 2jipge < —3 A.

3.2.10 Hydrogen bonds

Generally, the lipid charges are expected to strengthen the interactions between the
lipids and the peptide. On the other hand, the prolongation, reducing the peptide
penetration, may weaken the peptide-lipid interactions (and thereby increase tilt
flexibility). In order to check these hypotheses, the average number of hydrogen
bonds between linker and H3 domain to surrounding lipid molecules, as well as its
fluctuations (Eq. 2.30), were determined for each system. As shown in Fig. 3.10, the
POP~ systems show indeed more frequent hydrogen bonding than the respective
POPY systems. This may contribute to the increased tilt stiffness observed for the
POP~ systems. For POP™, a small decrease in the number of hydrogen bonds for
N9, as compared to WT, can be observed. For POP?, unexpectedly, the average
number of hydrogen bonds between peptide and lipids is similar for WT and Ny,.

3.2.11 Hydrophobic anchoring of the TM helix

Fig. 3.9 B shows that the observed shifts of the linker z-position are actually due to

a shifted TM helix; the Figure shows the free energy landscape for position of the
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16 | :
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® 1500-300K Figure 3.10: Average number NHB
12 | 4 of hydrogen bonds between the pep-
tide (H3 and linker residues) and li-
2% s | ] pid headgroups determined from pro-

duction phases of free dynamics runs,
} and from ensembles of annealing final

T } 1 structures. The bars denote fluctua-
tions (Eq. 2.30). Note that the error

WT/POP® WT/POP™ N, /POP° N,/POP bars are much smaller than these fluc-

system .
y tuations.

TM helix center measured with respect to the membrane center (cf. also Fig 2.4).
Indeed, the close similarity of Fig. 3.9, B and A, confirms that the TM domain is
nearly rigid such that, as expected, the position of the TM helix within the bilayer
determines that of the linker. Remarkably, the mutants hydrophobic TM helix is
optimally centered within the hydrophobic region of the bilayer (zpy &~ 0), whereas
it is shifted out of this symmetrical position by 4 A for the wild type. Apparently,
there is a trade-off between the partial hydrophobic mismatch of the TM helix and
the linker and the need to fill the hole in the distal lipid headgroup region which
would be present for the symmetrical TM position. Therefore we assume that also
many other hydrophilic prosequences with different structures would have similar

effects as the one chosen here initially for purely technical reasons.

Table 3.6 lists the average positions 2\ and stiffnesses £, rv obtained from har-
monic fits for the TM positions. As can be seen from the table, as well as from
Fig. 3.9B, also the mutant, anchored in the neutral bilayer, is slightly shifted out
of the symmetric position in the inverse direction by approx. 1A. One likely reason
is the sequence asymmetry between linker and prosequence and, in particular, the
presence of the four positive charges of the linker. That the asymmetry is inverted
for the acidic bilayer, which changes the electrostatic environment of the linker, fur-
ther supports the relevance of the interaction between linker and lipid headgroup
region discussed above. The stiffnesses are, overall, very large, corresponding to a
force of about 300 pN for a 1 A deflection. Such stiffness is actually indispensable for
the proposed membrane fusion mechanism, because it is required to keep the peptide

tightly anchored within the bilayer, so that it can withstand the strong repulsion



64 CHAPTER 3. ROOM TEMPERATURE SIMULATION RESULTS

forces that occur when two membranes are pulled towards each other.

3.2.12 TM helix tilt and structure

The second important requirement, as mentioned in the introduction, is that the
TM helix must be able to withstand tilting with respect to the membrane normal. To
study whether this is actually the case, free energy landscapes have been computed
from the simulations also for the TM tilt angle 01\ (see Fig. 2.4). Within the
equilibration phase of the simulation (N7EF/POP?/300K), Oy departed from its
initially chosen value of 0° towards values around 10° (data not shown). The minima
of the free energy landscapes (see Fig. 3.11) are significantly narrower than those
of G(0), indicating that Oy is more strongly restrained than 6. Table 3.6 lists
the corresponding average tilts 01y and the tilt stiffnesses kg ry obtained from
harmonic fits. Overall, the stiffnesses of the TM helix angle are larger than the ones
of the linker angle, such that the mechanics should be mainly determined by the

stiffness of the linker.

3
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WT/POP /300K

=

£ — N,/POP’/300K
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=

<

S .
or 1 Figure 3.11: Free energy landscapes of

TM helix tilt 61y with respect to the
15 0 20 20 20 50 %0 membrane normal from room tempera-
Oy [deg] ture production runs.

Both the TM domain and the prosequence were initially modeled in a-helical con-
figuration. To check if this configuration is maintained during the free dynamics
runs, the secondary structures of the TM domain (residues 266-288) and of the pro-
sequence (residues 289-298) were monitored (data not shown). For WT/POP? (see
Fig. 3.12 left, gray bar), the TM residues 266-286 remained helical, and only the C-
terminal residues Phe-287 and Gly-288 adopted a random coil configuration. Also
WT/POP~ remained helical (black curve); only residue Gly-288 adopted a random
coil configuration. Apparently, like for the linker residues, the lipid charges also in-
creased the helicity of the TM C-terminus. For the Nyj systems (see Fig. 3.12 right),



3.2. PEPTIDE WITH EXPLICIT LIPID ENVIRONMENT 65

due to the juxtaposed prosequence, the entire TM domain remained a-helical for
both lipid types. Also residues 289-294 of the prosequence showed a stable helix
conformation; residues 295-296 were only marginally helical, and residues 297-298
adopted a random coil conformation. For N1o/POP~ (black curve), the helicity of
residue Asn-295 and Asn-296 was increased with respect to N1o/POPY, thus provid-
ing a further example that the charged bilayer tends to stabilize helical conforma-
tions. Although the remaining helical structure of the prosequence was stable during
the two 5-ns production runs, no solid evidence can be provided that this would also
be true for longer time scales. The main effect of the (hydrophilic) prosequence of
dragging the (hydrophobic) TM domain into a centered position should, however,
not critically depend on the helical structure of the prosequence and therefore the

predicted effect on the mechanical properties of the linker should be observable in

experiments.
1 E 1F
= WT/POP°/300K

- = WT/POP /300K - N,,/POP°/300K
5 £ = N,/POP /300K
< 05 L SLo5F

0 0 A A

284 287 2 290 294 295 296 297 298

residue i residue i

Figure 3.12: Helicity of C-terminal linker residues in production phase of wild type (left)
and mutant (right) anchored in POP? (gray) and POP~ (black), respectively.

3.2.13 Immersion depths of individual residues

The linker position for the wild type agreed well with recent data from EPR mea-
surements of Shin and co-workers.” In these experiments the positions of the syn-
taxin linker and nearby H3 and TM residues with respect to the phosphate groups
of a lipid bilayer were determined from the accessibility of a nitroxide spin label
to a water-soluble paramagnetic reagent and nonpolar oxygen by comparison to
a standard sample (bacteriorhodopsin) with known immersion depths. The bilayer

contained POPC and the acidic lipid palmitoyl-oleoyl-phosphatidylglycerol (POPG)
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in a molar mixing ratio of 4:1, and therefore resembled the acidic bilayer (POP™)

chosen for present simulations.

In order to compare the EPR measurements and the present simulation study in
more detail, the average position of each C, atom of the simulated peptide with
respect to the phosphate atoms (immersion depth), as well as respective fluctua-
tions (Eq. 2.30), during the 2-ns production phase of the wild type trajectories
(WT/POPY/300K and WT/POP~/300K) were determined. As can be seen in
Fig. 3.13 left, the results for the acidic bilayer (black curve) agree well with the EPR
results (brown curve). In particular, both MD and EPR data show the whole linker
region to reside below the phosphate groups. This suggests that the C-terminal end
of the core complex sticks within the headgroup region, which might contribute to

a strong coupling between the SNARE core and the membrane, as argued.”
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WT/POPY300K
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Figure 3.13: Average positions and respective fluctuations (Eq. 2.30) of C, (black) and
side-chain nitrogen and oxygen atoms ("Ng.’, 'Og.’, 7ed) during the 2-ns production phases
of WT/POPY/300K (left) and WT/POP~/300K (right). In the right figure, also the

positions of the residues as determined by EPR measurements’® are shown (brown).

In the simulations, the average positions of most residues (258, 259, 261 264, 266)
are shifted towards the aqueous phase by 1 2.5 A. This effect may reflect an artifact
of the EPR experiments;’® here, as stated by the authors, due to the hydrophobic
nature of the nitroxide, the peptide might be shifted towards the lipidic phase.

The EPR curve is shallower than the MD curve; this may indicate that the H3 and
TM helix tilt was larger in the experiment than observed in the simulations. Further-
more, the MD simulations do not reproduce the plateau region for residues 263 — 266
which was seen in the EPR measurements and suggesting that, here, those linker

and TM residues were unstructured.
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The differences of the EPR and MD data might result from the different lipid compo-
sitions, or indicate artifacts of the simulations: Here, due to the sampling problem,
the linker structure might not be fully relaxed towards the native structure. Alter-
natively, as denoted in Sec.1.3, the linker structure seen in the EPR experiments
might not be the native structure, since the required mutations of the linker region,

as well as the spin label itself, possibly altered the linker structure.

In order to monitor the positions of polar and charged groups of the side chains,
average position and respective fluctuations were also determined for each side-chain
nitrogen and oxygen atom (red symbols). Remarkably, as hypothesized,® the side
chains of linker residues 263 265 orient such that the positively charged groups at
the side-chain termini reside in a more hydrophilic environment than the C, atoms
from which they branch off; the strongest effect is seen for Lys-265. Also most polar
or charged H3 residues show this ’snorkeling’ effect which, apparently, facilitates
the observed deep penetration of 'cytosolic’ peptide domains into the membrane,

relevant for its mechanical coupling to the SNARE core complex.

As shown in Fig. 3.13 right, for the neutral bilayer, except that here no snorkeling
is seen for residues Tyr-257 and Lys-265, similar results for C, (black curve) and
side-chain nitrogen and oxygen positions (red symbols) are obtained as for the acidic

bilayer.
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Chapter 4

Simulated Annealing Results

Concerning the linker structure and tilt angle, the room temperature simulations
suffer from an apparent sampling problem, as can be seen, e.g., from the fact that
only one major structural transition is seen for Nj,/POP? (Fig. 3.7 A, red and
Fig. 3.8). Thus one cannot exclude the possibility that the linker structures seen
in the simulations could be biased by the chosen start structure. Furthermore, the
physiological membrane fusion time scales are likely three orders of magnitude longer

62 For these reasons, also the calculated

than the nanosecond simulation times.!
average tilt angles and, in particular, the obtained stiffnesses, may be inaccurate

due to insufficient sampling.

To reduce this problem and to improve the sampling, we have carried out high tem-
perature runs followed by multiple simulated annealing runs (Fig. 3.1, red bozes) for
different solvated peptide-membrane systems. Each annealing set consists of a high
temperature (1500 K) sampling run (see Fig. 2.2, brown curve) and multiple annea-
ling runs (blue) and was generated as follows. An equilibrated start system was
stabilized by (a) position restraints on the TM helix backbone and lipid tail atoms
using a force constant of 359 kcalmol A2, (b) 1-4 distance restraints (Sec. 2.2.8)
on the H3 and the TM helices (plus the prosequence if present) with a force con-
stant of 837 kcal mol™ A2, and (¢) backbone dihedral restraints on the H3 and the
TM helices (and of the prosequence, if present), and the w angles (torsion of pep-
tide bond C-N, Fig. 1.3 left) of the linker. Subsequently, for the high temperature
sampling run, the peptide, each lipid type, the water molecules, and the salt ions
were separately coupled to a heat bath of 1500 K using a coupling time constant of

10 ps, and simulated for 1ns. To avoid expansion of the box due to vaporization

69
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of the water, pressure coupling was switched off such that an isochorous ensemble
was simulated. Because of the faster atomic motions at high temperature, a smaller

integration time step of 2 fs had to be used.

As indicated by the green circles in Fig. 2.2, 27 structures were chosen from the
sampling trajectory, each of which was cooled down to 300 K linearly in time within
400 ps (sloped blue lines), using a coupling constant of 0.1 ps. Subsequently, water
molecules that had moved into the hydrophobic core of the bilayer were removed to
provide a preferably well equilibrated lipid and solvent environment. The resulting
27 structures were equilibrated for 200 ps each (horizontal blue lines). In these simu-
lations, all restraints except the 1-4 distance restraints on the H3 helix were removed,
an integration time step of 4 fs was used, and pressure coupling was switched on.

The 27 final structures thus obtained (red crosses) were used for further analysis.

As indicated in Fig. 3.1, simulated annealing runs were carried out for the systems
WT/POP?, N1o/POP? (Tab. 3.4), WTy/POP?, and WT/POP~/SALT (Tab. 3.5).
For the latter, the PME method (Sec. 2.2.5) was used for the calculation of the
electrostatic forces, and a time step of 1 fs was chosen for the high temperature sim-
ulations. For WT/POP?, three different annealing periods (400, 800, and 1600 ps)

were chosen using the same set of high temperature start structures.

The restraints on the TM helix are not expected to severely limit the sampling of the
linker structure and the linker tilt angle, since the position zpy of this helix along
and its tilt Oty with respect to the membrane normal are expected to be much
better sampled and show only small fluctuations as compared to the H3 helix tilt
angle (cf. Figs. 3.9 A and 3.11), These assumptions are supported by results from
recent measturements on the membrane immersion of the syntaxin linker”® which are

consistent with our results in Chap. 3.

Fig. 4.1 A shows the results of a set of WT/POP" annealing runs (cf. Fig. 2.2) com-
pared with the respective room temperature production trajectory (blue). Rather
than the tilt angle 6, here the projection of the (normalized) H3 helix axis onto the
xy bilayer plane has been plotted; the center corresponds to § = 0°. As can be
seen, the 1ns 1500 K sampling run (brown dots) provided a much broader distri-
bution of H3 helix orientations than the 2ns room temperature production phase.
Furthermore, the region covered by the room temperature run is only rarely visited
within the sampling run, suggesting that the free energy of other regions is lower,

at least at this high temperature. This finding can be explained by the fact that



-05 F

5@ WT/POP°/300K
® WT/POP°/1500K

0.5

-0.5 &

O START

2 <& ANNEALED
X END

-1 I I I

-1 -0.5 0 0.5

C 300k

Ati<Al,<AL<AL,

71

Figure 4.1: Projection of WT/POP?
H3 helix orientations (unit vectors)
onto the xy bilayer plane, the azimuth
is plotted relative to the TM helix.
(A) 2ns room temperature trajec-
tory (blue), high temperature trajec-
tory (brown), selected annealing start
structures (green), and obtained an-
nealing and free dynamics final struc-
tures (red). (B) Distances traversed
during individual annealing (brown)
and equilibration (blue) phases. (C)
Sketch of expected convergence be-
havior of room temperature dynam-
ics and simulated annealing distribu-
tions. The circles symbolize distri-
butions of H3 helix orientations, in
a similar representation as in the top

Figure. See text for explanations.

the distributions of H3 helix orientations are governed by respective free energy

landscapes, G = H — T'S, which, in addition to the enthalpic contribution H, also

include temperature-dependent entropic contributions, —7'S, which generally tend
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to smoothen the distribution for increased temperatures.

4.1 Convergence

To approximate the room temperature distribution of interest, 27 uniformly dis-
tributed structures (green circles) were selected from the high temperature trajec-
tory. Each of these was annealed to room temperature and subsequently subjected
to free dynamics as described above. In Fig. 4.1 A, the obtained final structures are
shown in red. The distances traversed during these two steps are shown in Fig. 4.1 B
(brown, blue). If both the room temperature sampling and the relaxation during the
annealing and subsequent room temperature runs were complete, the distribution of
final structures (red) and of the room temperature trajectory (blue) should agree.
In contrast, the annealing final structures show a relatively broad distribution with
clusters similar to the high temperature distribution (e.g., within the lower left cor-
ner). Also several outliers are seen in regions that were not covered from the high
temperature sampling run. T'wo or three structures reside within the region sampled

by the room temperature run.

Fig. 4.1 C provides a possible explanation for these findings. With increasing simu-
lation time (multiples of At), the room temperature distribution tends to broaden
(and may also shift position), as indicated by the blue areas, as increasing volumes
in the configuration space are sampled. Eventually, if the simulation time were long
enough for sufficient sampling, the distribution would converge towards the equi-
librium distribution (right). Thus, insufficient sampling typically underestimates
the width of the equilibrium distribution and therefore yields an upper limit for the
stiffness of the underlying effective potential. In contrast, and assuming that the
sampling during the high temperature run is nearly complete, the obtained distri-
bution (green area) will typically be broader than the equilibrium distribution due
to the dominance of the entropic contribution to the underlying free energy land-
scape. This will also be true for the final structures of very short (At;) annealing
runs (red area, left) that started from structures taken from the high temperature
ensemble. The structures cannot relax towards their room temperature equilibrium
and rather get trapped in local energy minima. With increasing annealing periods
Atq, Atqy, Ats, Aty, increasingly complete relaxation takes place, and the width of the

distribution narrows. For very long annealing periods, it would converge towards its
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equilibrium value (right). Thus, for annealing, the equilibrium width will typically
be approached from above which should yield a lower limit for the stiffness of the

underlying effective potential.

To check if this setting applies for the case at hand, annealing sets with varying an-
nealing periods (¢ = 400, 800, 1600 ps, cf. Fig. 3.1) were created. From the resulting
sets of final structures, free energy landscapes were determined from Eq. 2.21. In
contrast to the 5000 structures obtained from the room temperature ensembles, the
annealing final sets provided only 27 structures each, thus limiting the accuracy and
resolution of the obtained energy landscapes. But since subsequent annealing final
structures should, by construction, be nearly uncorrelated (unlike subsequent struc-
tures from normal MD trajectories, which are highly correlated), accurate confidence

intervals for the free energies can be calculated, using Eqs. 2.48 and 2.21.

4.2 Linker stiffness

Fig. 4.2 A shows the resulting free energy landscapes (red, blue, and green) for the
three different annealing periods, together with 95 % confidence intervals. Addition-
ally, to detect a possible bias by the chosen linker start structure, a fourth energy
curve (orange) has been calculated from a separate series of simulations (Fig. 3.1, top
row) which started with the linker in fully helical configuration. Overall, the energy
minima show similar widths and tilt angles which are both considerably larger than
those derived from the room temperature free dynamics run (brown). Fig. 4.2 B
depicts these values as calculated, like the ones for the room temperature runs, from
harmonic fits. Assuming uncorrelated data, 95% confidence intervals were estimated
for Oy from Eq. 2.46 and for ky from Eqs. 2.47 and 2.25 and are also shown in the

Figure.

As expected, increasing the annealing period from 400 ps (blue curve) to 800 ps
(green curve) narrowed the derived energy landscape. However, a further increase
to 1600 ps (red curve) broadens the width of the distribution to even above the 400 ps
value. One possible explanation is that the sampling during the high temperature
run was still insufficient and, therefore, is further improved during the annealing
runs; the resulting broadening of the distribution could partially compensate the
originally expected narrowing. The annealing final structure outliers (Fig. 4.1 top

left, red) could in fact indicate regions that were accessible but not fully covered
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during the high temperature sampling run. However, the large overlap of the error
bars in Fig. 4.2, A and B suggests, at this point of analysis, statistical fluctuations as
the more likely explanation. Indeed, when estimated using the bootstrap mean and
variance test respectively (Sec. 2.4.2), the significances of the pairwise differences for
0y and kg (Tab. 4.1, left two columns) turn out to be rather low (i.e., large a-values,
Sec. 2.4) for the three different annealing lengths (upper three rows). In this case,

the mechanical linker properties obtained from the annealing sets may either be
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already close to their equilibrium values, or alternatively, their convergence might
be so slow that even for an increase of the sampling time by a factor of four, no

improvement can be detected.

Table 4.1: Significances of H3 helix tilt and linker helicity differences

leool, 1 <> teool2 o ko pa61  Dac2z D263 P26s D265
400 < 800 098 0.61 0.13 0.51 0.63 1.00 1.00
800 « 1600 0.49 0.33 0.66 0.12 0.63 1.00 0.91
400 « 1600 0.52 0.62 0.26 046 1.00 1.00 0.91
WT/POPO — WTH/POPO 0.42 0.67 0.74 0.04 0.19 0.00 0.35
WT/POPO ~ WT/POP~ 0.02 0.03 0.13 0.00 0.61 1.00 0.03
WT/POP" < Ny, /POP® 020 055 0.32 0.59 0.30 0.01 0.00

Respective alpha-values (Sec. 2.4) for various pairs of annealing sets, as estimated
by applying the appropriate bootstrap hypothesis tests described in Sec. 2.4.2. The
mean test was used for the average tilt 6y, the variance test for tilt stiffness kg,
the probability test for helicity p; of residue ¢ (i = 261, ...,265). The upper three
lines list pairs obtained for system WT/POP? with various annealing lengths; the
lower three lines list comparisons of the 400 ps WT/POP? annealing set with the

specified sets.

In summary, the stiffness values shown in Fig. 4.2 B provide a lower limit for the tilt
stiffness which is smaller than the upper limit obtained from the room temperature
run by a factor of 15. We note that also the values for the other stiffnesses listed in
Tab. 3.6 represent, in principle, upper limits. For kg, k. ik, and k. ta, however,
we have already seen above that the sampling is expected to be nearly complete, so
that the obtained values should already be close to their equilibrium values. This

suggests that no further simulated annealing runs for these observables are required.

The average tilt angle 0, (approx. 40°) obtained from the annealing runs is four
times larger than the one obtained from the room temperature run. We attribute
this difference to an entropic effect: For given tilt interval centers at 6, the accessi-
ble solid angle increases with 6 as sin @, implying larger entropy. Thus, for higher
temperatures, the minimum of the free energy landscape tends to move to larger tilt
angles, which may not fully relax to the room temperature values during annealing.
Therefore, we consider it likely that the average tilt angle for the wild type is smaller
than 40°.
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Note finally that rarely H3 helix tilt angles above 90° are obtained for annealing
runs, which give rise to the finite free energy values at 105° in Fig. 4.2 A. Under
physiological conditions, the presence of the cytosolic core complex, which is not

included in our simulations, prohibits such large tilts.

4.3 Linker structure

To characterize the linker structure, for each linker residue i, the probability p;
and the free energy AG; of helix formation were estimated from the ensembles of
final structures of different annealing sets using Eq 2.27. Assuming uncorrelated
data, confidence intervals were determined from Eqs. 2.48 and 2.27. As shown in
Fig. 4.2 C| the annealing yielded a quite similar helicity pattern as the one obtained
from the respective room temperature run (Fig. 3.7 C, blue bars). An exception
is Ala-261, which was helical in the room temperature run but only marginally
so for the annealing sets. Given the large difference in G(#) between the room
temperature and annealing sets, the fact that only a single amino acid is affected
is remarkable. The results obtained for WT/POP? and Ny5/POPY; however, reveal
a similar trend namely that reduced helicity of Ala-261 implies increased average
angle 0p and reduced tilt stiffness ky. Moreover, the change in helicity between
WT/POP and Nyo/POP? is smaller for the room temperature simulations than for
the annealing runs and so is the change in the mechanical properties of the linker

(see below).

The linker properties obtained from annealing sets of varying length were found to
change only slightly. However, also here, comparison of Ala-261 helicity (Fig. 4.2 C,
left) with the tilt parameters (Fig. 4.2 B) reveals the same trend as seen above.
Some of the individual a-values for the difference in helicity of Ala-261 and Arg-
262 (Tab. 4.1) show even larger significances (albeit still above the 5%-level) than
those for the tilt parameters. Moreover, also the helicities of Arg-262 and Arg-263
follow this trend, so that the joint significance should be well below 5%. Overall, the
helicities of the individual linker residues are a more sensitive indicator for changes

in the simulation set-up than the mechanical properties of the linker.

As seen for the linker parameters (Fig. 4.2 B), also the helicities show no monotonous
variation with the length of the annealing periods, presumably for similar reasons,

namely a near compensation of the effects of enhanced high temperature sampling
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(which decreases the helicity) and of improved low temperature relaxation (which
increases the helicity). Because the helicities of all three linker residues (Ala-261,
Arg-262, and Arg-263) increase from WT/POP?/ANNEAL/400ps to WT/POP?/-
ANNEAL/800ps, whereas they collectively decrease from WT/POP?/ANNEAL/-
800ps to WT/POP?/ANNEAL/1600ps, the former change is likely dominated by
improved relaxation and the latter by enhanced sampling. We note that the same
was seen for the mechanical properties of the linker which renders it unlikely that
these results are purely due to statistical fluctuations, and thus substantiates the

compensation argument tentatively given above.

That the helicities obtained from the room temperature simulations and the ones
from the annealing sets are strikingly similar can have two reasons. First, both
approaches could yield structures close to equilibrium; second, there may be a bias
due to the chosen (non-helical) start structure. The simulations starting with fully
helical linker conformation served to detect such possible bias (Tab. 3.5, WTy). The
initial room temperature equilibration run (WTg/POP?/300K, see Fig. 3.1) showed
transitions to random coil and back to helical configurations (data not shown).
Fig. 4.2 C shows the helicities obtained from the subsequent annealing set (orange).
Comparison to WT/POP?/ANNEAL (blue) shows a significantly increased helicity
particularly for Lys-264 (see Tab. 4.1 for the respective a-value), which renders a
certain bias due to the chosen start structure indeed very likely for this residue.
A small influence is also seen for Arg-262 and Arg-263. Nearly unaffected by that
possible bias are the other helicities and, most importantly, the energy landscape
for the tilt angle, G(0), (Fig. 4.2 A, orange) and hence also the linker tilt stiffness kg
(cf. Fig 4.2 B). This finding confirms the previous observation that the mechanical
properties of the linker are mainly determined by the conformation of Ala-261 and

underscores the reliability of the stiffness estimates.

We note that the confidence intervals and significance estimates discussed above
rely on the assumption of uncorrelated samples. To check this assumption, for each
annealing set (see Fig. 2.2), the correlation of subsequent start structures (green)
and final structures (red) was estimated using Eq. 2.58, as well as the significance of
this correlation using the bootstrap correlation test (Tab. 4.2). Indeed, WT/POP?
turns out to yield nearly uncorrelated structures, whereas WTy/POPY does show
significant correlations for both start and final structures. We attribute these corre-
lations to the increased linker helicity which can slow down the dynamics of the H3

helix tilt angles. Since the observed correlations of about 0.5 reduce the respective
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effective sample size by roughly a factor of two, the confidence intervals and a-values
calculated above are actually larger by a factor of about v/2. This effect reduces the

bias discussed above somewhat.

Table 4.2: Correlations of H3 tilt angles

System Ty Ds Te Pe
WT/POP® 0.13 0.52 0.12 0.65
WTy/POP® 0.77 0.00 0.28 0.19
WT/POP~ 0.39 0.07 -0.34 0.08
Nio/POP°  0.44 0.02 0.47 0.01

Correlations of tilt angles from subsequent
start (rg) and end structures () from four
different annealing sets (Eq. 2.58) and re-
spective a-values estimated from the boots-

trap correlation test.

We summarize the results obtained so far from the annealing runs. For the wild type
embedded within neutral bilayer, the linker is helical at its termini with decreasing
helicity towards the linker center. As evident from Fig. 4.2 A, and using Eq. 2.26,
an energy of about 0.9kcal/mol (with 95% confidence interval [0.5,1.8] kcal/mol) is
required to tilt the linker to 80° which is the angle expected for fully assembled

trans-complex geometry.

4.4 Effects of acidic lipids

To study the effects of the lipid composition on the mechanical properties of the
linker, a set of high temperature and annealing runs was carried out also for system
WT/POP~ /SALT (WT/POP~/ANNEAL, see respective red box in Fig. 3.1). The
obtained energy landscape for the H3 helix tilt angle (green curve, Fig. 4.3 A) shows,
compared to WT/POP? (blue curve), a very steep minimum which is located at a
large tilt angle. The parameters of the harmonic fit (see Fig. 4.3 B, green rhombus)
quantify this effect. The tilt stiffness ky is larger by about a factor of 2.5, which
confirms the increase by a factor of two that was already obtained from the room

temperature simulations (see Tab. 3.6). As compared to WT/POP® (blue rhombus),
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the average tilt angle 6 is larger by 15°. Table 4.1 shows that this effect of the lipid

charges on the linker properties is significant.

A 3
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Al — WT/POP/ANNEAL
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of helix formation.

These tilt property changes are related to changes in linker structure as shown in
Fig. 4.3 C (green symbols). Similar to the room temperature runs (Fig. 3.7 C, green
bars), as compared to WT/POP? (Fig. 4.3 C blue symbols), the helicity of Arg-262
is significantly increased. The helicity of Ala-261 is also larger, in agreement with
the room temperature simulations, whereas the helicity of Lys-265 is smaller. At
this point of analysis, the latter finding may, as shown in Fig 4.4, be explained by
the reduced peptide penetration (by approx. 1 A) seen for the charged bilayer system
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(black, solid) with respect to the neutral bilayer (black, dashed); the gray curve (as
also Tab. 3.6) shows that this effect is insensitive to salt concentration. This could
mean that the larger average tilt angle is due to the changed conformation of Lys-265
and that the larger helicity of Ala-261 and Arg-262 dominates the stiffness increase
of the linker. An alternative explanation for the increase of the average tilt angle

will be discussed in Sec. 4.6.

3
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% 1 ‘\ 'l Figure 4.4: Free energy landscape
© ]
= \‘ / G(21ink) of linker position 2y, with
£ \ ..
& ol . WT/POP?/BOOK | respect to lipid phosphates for WT
— WT/POP /300K embedded in POP® (black, dashed)
— WT/POP /SALT/300K
and in POP~™ with low (gray) and
_1_3 —.6 _.4 _.2 0 2 4 physiological (black, solid) salt con-

Gk [A] centration, respectively.

In light of the conformational coupling assumption, the increase of 6, is expected to
reduce fusion efficiency, whereas the increase of ky should have the opposite effect.
To judge which of the two effects dominates, the energy necessary to tilt the H3 helix
to the 80° expected for the fully assembled trans-complex was estimated. Compared
to POPY, a slightly increased tilt energy of 1.2kcal/mol was obtained with a 95%
confidence interval of [0.8, 2.4] kcal/mol (see Fig. 5.1) which suggests an increased
fusion efficiency. Although the error bars overlap, these results may indicate an

effect which should be looked on more closely in further studies.

4.5 Effects of prolongation

A set of high temperature and annealing runs as described above was carried out also
for system Npo/POP? to study the effect of the prosequence on the linker stiffness
(see Fig. 3.1). Here, the main effect is a shift of the obtained energy landscape for
the tilt angle to larger values (Fig. 4.3 A, red curve) as compared to WT/POP?
(blue curve). This is reflected in the increased average tilt angle obtained from
the harmonic fit (Fig. 4.3 B, red), which was also seen for the room temperature

simulations. The tilt stiffness is unchanged.
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The relation between decreased helicity of Lys-265 (Fig. 4.3 C) red) and increased
average tilt follows the same pattern as seen for the charged bilayer and therefore
provides a plausible cause of the increased tilt. Furthermore, the helicity of Ala-261
is also reduced with respect to the wild type (neutral bilayer), albeit with only little
significance, see Tab. 4.1. On the contrary, the helicity of Lys-264 and, to a smaller
extent, that of Arg-263 became larger.

Overall, the helix is significantly weakened at the linker ends and stabilized for the
central residues. Here, the change of the linker environment is solely due to the
reduced peptide penetration (Fig. 3.9 A, red curve) rather than the charged bilayer
but has an even larger effect on the structure of the linker. Table 4.2 lists the
correlations of subsequent annealing structures which fall into the range discussed
for the other annealing sets with similar implications for the confidence intervals and

a-values.

Qualitatively, the changes of the linker structure seen in the annealing runs con-
firm and extend those of the room temperature simulations. In the context of the
conformational coupling assumption, the energy required to tilt the H3 helix into
trans-complex configuration of 0.4 kcal/mol ([0.2, 0.8] kcal/mol) is considerably re-
duced with respect to the wild type by more than a factor of two, which suggests a

correspondingly reduced fusion rate.

4.6 Hydrogen bonds

To further characterize the interaction between the peptide and its environment,
the average numbers Nyp of hydrogen bonds between H3 helix/linker residues and
adjacent lipid molecules, as well as the respective fluctuations, were determined for
the final structures of the three annealing sets discussed above. As can be seen in
Fig. 3.10 (black symbols), Nyp increased by a factor of two for each system with
respect to the room temperature runs. In particular, many of these additional
hydrogen bonds are formed by the H3 helix due to the occurrence of large helix
tilt angles and the resulting penetration of the helix into the bilayer. Particularly
many hydrogen bonds are seen for the charged bilayer, and no significant difference
between WT and Ny is observed, as was also the case for the room temperature

simulations.

To obtain a more detailed picture, the hydrogen bond probability of each donor
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and acceptor respectively, of the linker and of the H3 helix, was determined (here,
equivalent hydrogen atoms such as the three hydrogen atoms of an amino group
were not distinguished). This probability is color-coded in Fig. 4.5, which shows
a representative structure from the annealing final ensemble of WT/POP®. The
colors denote frequent (red), intermediate (yellow, green), and rare (blue) bonding,
respectively. As can be seen, virtually all polar residues of the H3 helix and of the
linker form hydrogen bonds to the lipid molecules. These are particularly frequent
for side-chain amino groups of residues Lys-260 and Arg-262 which are centered
within the polar region of the bilayer, and gradually decrease in frequency with
increasing distance from these residues. Linker residues also form backbone hydrogen
bonds to the lipid molecules, which compete with the helix-stabilizing intramolecular
hydrogen bonds like in bulk water and, therefore, destabilize the helix, albeit to a

lesser extent.

WT/POP’°

Figure 4.5: Color-coded frequencies pgp of
hydrogen bond formation between the H3
helix (gray, top) or the linker region (light
gray, mid), respectively, and adjacent lipid
molecules (not shown). The structure is ta-
ken from the WT/POP? annealing set (final
structure) and is close to the average orien-
tation. Part of the TM helix is shown in dark
gray (bottom).

To identify significant differences of observed hydrogen bonding frequencies seen
for WT/POP~ (see Fig. 4.6 A) and Nyo/POP? (see Fig. 4.6 B) with respect to
WT/POPY, for each acceptor and donor respectively, the significances of the ob-
served probability differences were calculated using the bootstrap probability test.
The colors denote decreased bonding frequency (red, yellow), or increased frequency
(green, cyan), respectively. In the Figure, representative structures are shown. Over-
all, WT /POP~ shows increased hydrogen bonding frequencies, particularly so for
the side-chain amino groups of Arg-263, Lys-264, and Lys-265.
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WT/POP ™
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Figure 4.6: Color-coded significances
(a-values) of hydrogen bond fre-
quency differences of WT/POP~
(top) and N19/POP? (bottom), com-
pared to WT/POP?, denoting signif-
icant (p < 0.5) increase (green), cer-
tain (p =~ 0) increase (cyan), signif-
icant decrease (red), and certain de-
crease (yellow), respectively, as deter-
mined by the bootstrap probability
test. The structures are taken from
the WT/POP~ and the Nio/POPY
annealing set, respectively, and are
close to the respective average orien-
tations. Atoms not involved in hydro-
gen bonding are shown in gray (H3
helix), light gray (linker), and dark
gray (TM region).

The increased hydrogen bonding frequencies of the side-chain amino groups of the

H3 helix residues Lys-253 and Lys-256, and the orientation of these residues (in

particular that of Lys-253) in the pictured structure, suggest that these amino groups

are pulled towards the lipid bilayer which could contribute to — or even cause —

the increased average H3 helix tilt. In this view, the observed decreased helicity of

residue Lys-265 could be determined by the tilt angle increase, rather than being

its cause and rather than being determined by the reduced peptide penetration.

Support for this interpretation comes from the fact that the observed peptide shift

is rather small (unlike the shift observed between WT and Njy) and may thus not
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fully explain the helicity decrease of residue Lys-265.

For N33/POP?, the region of strongest hydrogen bonding is shifted from Lys-260
and Arg-262 towards Lys-264 and Lys-265 which closely matches the 5A vertical
peptide shift induced by the prosequence and can explain the reduced helicity seen
for Lys-265 (cf. Fig. 4.3 C'). Due to the large peptide shift, the hydrogen bonds to
the H3-proximal part of the linker are replaced by stronger ones to water molecules

explaining the reduced helicity in that region.



Chapter 5
Summary

For the conformational coupling of SNARE-protein promoted membrane fusion, the
mechanical properties of the juxtamembrane linker region of syntaxin-1A are essen-
tial but unknown. To characterize these properties of the linker in different lipid
environments, we have performed a number of molecular dynamics (MD) simula-
tions with explicit solvent and lipid environments. Particular focus was put on the
stiffness that governs the bending of the linker as well as its average bending angle.
To overcome the sampling problem, simulated annealing was applied. Apart from
the wild type peptide, a mutant was also studied for which ten polar residues were

appended to the C-terminus.

The bending properties of the linker were studied by calculating free energy land-
scapes for the tilt angle between the H3 helix of the core complex and the membrane
normal from their equilibrium fluctuations. Particularly relevant for the conforma-
tional coupling scenario are the lower limits for the free energy required to tilt the
H3 helix by 80°. These were estimated from annealing simulations The results are
summarized in Fig. 5.1. For the wild type, embedded within a neutral POPC/POPE
bilayer, a value between 0.5 and 1.8 kcal/mol was obtained. Assuming that at least

t163

three SNARE complexes are involved in each fusion event™®® with two linkers each,

we estimate that the linker stiffness reduces the fusion energy barrier AG* (from
membrane repulsion!! and rigidity!%*1%°) by 3 to 8kcal/mol. Assuming that the

fusion rate r is proportional to the probability that the transition state is reached,
roc e AGH kBT (5.1)
with Boltzmann's constant kg = 1.99kcalmol=! and the temperature T = 300K,
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we estimate that this rate is correspondingly increased by two to five orders of

magnitude.
WT/POP°  WT/POP™ N /POP’

3 T T Ll
E 2t 1 Figure 5.1: Free energies required to
E tilt the H3 helix of syntaxin-1A by
g 1 ] 80°, as estimated from a number of

5 annealing runs (Eq. 2.26). The bars
0

indicate 95% confidence intervals.

We note that, strictly speaking, the notion of a stiffness implies a harmonic energy
landscape for the H3 helix tilt. However, for the linker system at hand, and from
the results of our simulations, this energy landscape is most likely more complicated
and, e.g., composed of multiple, not necessarily harmonic, minima. Therefore, the
given stiffness values provide an effective description, obtained from sampling many

different linker conformations.

To check if the transmembrane helical domain of syntaxin-1A is anchored sufficiently
tight within the bilayer, as required for the proposed fusion mechanism, position and
tilt of the transmembrane helix were also studied. For the wild type, the equilibrium
position of the helix is found to be shifted from a symmetrical position by 3 —
4 A towards the C-terminal direction. As a result, as revealed by an analysis of
hydrogen bond formation, and consistent with recent EPR measurements,”® the
linker region is deeply embedded within the polar headgroup region of the bilayer,
partly even reaching into the hydrophobic core. This suggests, as reasoned,” that
core complex formation leads to close proximity of the membranes with an inter-

membrane distance well below the SNARE complex thickness.

The fluctuations of the transmembrane helix position in the direction of the mem-
brane normal were found to be very small, implying a stiffness of 4—5 keal mol 1A 2
for the wild type. A force of 300 pN would thus move the helix by only 1 A. This
result suggests that the peptide is anchored tightly enough within the membrane to
withstand the high inter-membrane repulsion forces and to avoid that the peptide
is pulled out of the membrane. Inversely, displacing the membrane anchor could
transduce additional energy to the membrane by dragging out adjacent lipids to-
wards the fusion contact area of the two bilayers. The amount of energy that is

actually transmitted depends on the pulling force acting on the syntaxin anchor
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during the initial stage of SNARE association which should therefore be studied in

more detail.

For the conformational coupling model, the transmembrane helix must also re-
sist larger tilting with respect to the bilayer normal. The stiffness coefficient of
70x cal mol tdeg 2 obtained from our room temperature simulations is sufficiently
large for that purpose. An average tilt of approx. 15° is seen for the transmembrane
helix, which apparently compensates a mismatch of the hydrophobic sequence and

166-168

the thickness of hydrophobic core of the bilayer, which could be fully spanned

by a 17-residue TM helix.'6

The overall linker structure is found to be marginally helical. Relatively stable
a-helical conformations are seen for the residues that are close to the H3 helix (Ala-
261 and, partly, Arg-262) or to the transmembrane helix (Lys-265). The helicity
decays towards the linker center. The bending stiffness of the linker is found to
correlate with its helicity, albeit to a lesser extent than expected. A particularly
strong correlation is seen for the helicity of the residues Ala-261 and Lys-265. The
essential role of residue 261 could be tested experimentally by mutating the alanine
to a glycine, which, due to its smaller side group (a single hydrogen), may be more
flexible and show a less stable a-helical conformation. This effect is expected to
decrease proteoliposome fusion efficiency.® The configuration of the other linker
residues Arg-262 Lys-264 seems less important. Thus considerable bending stiffness

can be achieved also without fully intact a-helix.

The simulations also show that the structure of the linker is strongly affected by its
lipid environment. Charged lipids (POPS), for example, not only slightly increased
the helicity of the linker and its stiffness, but also its average tilt angle. For the as-
sumed 80° tilt, a corresponding increase in bending energy by approx. 0.4 kcal /mol
is seen (Fig. 5.1, mid), which would enhance the fusion rate by a further order of
magnitude as compared to the neutral bilayer. Note, however, that the changed elec-
trostatic interaction between the approaching bilayers typically has a much stronger
effect in this case.!™ Inversely, this interaction should simultaneously increase the

deflection of the TM anchors and accordingly accelerate fusion.

The deep embedding of the linker within the polar region implies stronger hydrogen
bonding between the peptide (mainly basic linker and H3 helix residues) and lipid
molecules. On average, the wild type formed 3 — 6 of these bonds in the neutral

bilayer. Acidic lipids increase the number of hydrogen bonds by a factor of two; this
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may explain the measured decrease in lateral mobility of reconstituted syntaxin-

1A /SNAP-25 complexes in the presence of acidic lipids.1™

Quite unexpected was the strong effect caused by the addition of ten asparagine
residues to the (distal) C-terminal end of the peptide. This shifted the transmem-
brane helix by 5 A into a symmetrical position which, in contrast to the wild type,
nicely matches the hydrophobicity profile of the membrane. As a result, the linker
was exposed to a more hydrophilic environment, which could be checked by EPR
experiments.”™ Accordingly, the helicity of the linker is found to be reduced and so
is its bending stiffness. For the 80° tilt, a significantly decreased bending energy of
0.3 — 0.8 kcal/mol is found; the fusion efficiency is therefore expected to be reduced
accordingly by roughly an order of magnitude. A further reduction of the fusion
efficiency is expected due to the shifted transmembrane helix, which should increase
the intermembrane distance by 5 A. Since the inter-bilayer repulsion forces strongly

L also a smaller deflection of the TM anchor is

decrease with increasing distance,’
expected, which would further reduce fusion efficiency. We therefore suggest the
Ala261Gly and Ny mutants as experimental tests for the proposed SNARE fusion

mechanism.

An opposite effect is expected for truncations of the TM domain. Here, the trans-
membrane domain should pull the linker region further towards the membrane in-
terior, thereby reducing its accessibility to putative binding partners. In addition,
its helicity could be further increased. We propose this as an explanation for the
observed impaired binding of synaptobrevin, synaptotagmin,'™ and a/3-SNAP '™

to the cytosolic domain of syntaxin mutants with truncated TM domains.!™

Noting that cholesterol increases the thickness of the membrane,!™ the observed
15° tilt of the TM helix caused by a hydrophobic mismatch also could explain why
syntaxin accumulates in cholesterol-rich regions.!"®1" This could be tested by an-
alyzing the distribution of syntaxin mutants with truncated TM domains, which is

expected to be more uniform.

Due to the cholesterol-rich native environment, the hydrophobic mismatch between
transmembrane helix and the membrane is likely reduced and, therefore, also its
tilt with respect to the membrane normal.'™® The linker is expected to reside more
deeply in the polar region; this effect could enhance the efficiency of the conforma-

tional coupling mechanism.

The hydrophobic mismatch could further facilitate the observed dimerization of
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syntaxin TM domains.” This may be tested experimentally by analyzing syntaxin
dimerization in liposomes™ of varying composition; here the fraction of dimers is

expected to anti-correlate with lipid chain length or cholesterol content, respectively.

An even higher TM helix tilt of 30 ° was obtained from spectroscopic studies for pep-
tide mimics of the syntaxin TM domain.!™ The observed reduction of the TM helix
tilt in the simulations may be attributed to the presence of the linker and the H3 seg-
ment, as these deeply penetrate the polar region of the membrane; thus, smaller tilts
would be preferred because they imply less lipid perturbations'*® in the headgroup

region.

In summary, our simulations render the conformational coupling model physically
plausible in quantitative terms. Our results suggest that, via conformational coup-
ling, each linker can transfer mechanical energy of about 1kcal/mol or larger to the

membrane.

A few caveats are appropriate, however. Note that we have not shown that the
transduced energy is actually used to bend opposing membranes in such a way as
to reduce their mutual distance. Note also that possible effects on the mechanical
properties of the linker due to the second, opposing membrane and due to membrane
repulsion, are not described by our single membrane simulation. These will become
increasingly important as fusion proceeds and might, e.g., include further stiffening
of the linker due to dehydration of its environment. Alternatively, the stiffness
might be decreased by the (unknown) forces that act on the TM helix during fusion
and thereby pull the linker into a more hydrophilic, helix-destabilizing lipid /solvent
interface environment. In addition, the pulling forces may directly destabilize an
a-helical linker conformation by stretching backbone hydrogen bonds. Further work

is required to elucidate the subsequent fusion steps at atomic detail.
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Appendix

Table 5.1: Peptide sequence

H3

linker

™

prosequence

DTKKAVKYQSK

ARRKK

IMITICCVILGIITASTIGGIFG

NNNNNNNNNN

Sequence of WT (H3 + linker + TM) and Njp (H3 + linker + TM + prosequence)

from the N- to the C-termini of the peptides. The one-letter code is explained in

Tab. 5.2.
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Table 5.2: Polarity of amino acids at neutral pH

name 3B-symbol 1B-symbol polarity
at pH 7
alanine Ala A 0
arginine Arg R +
asparagine Asp N T
aspartate Asn D —
cysteine Cys C 0
glutamine Gln Q T
glutamate Glu E —
glycine Gly G 0
isoleucine Ile I 0
leucine Leu L 0
lysine Lys K +
methionine Met M 0
phenylalanine Phe F 0
serine Ser S T
threonine Thr T T
tyrosine Tyr Y T
valine Val \Y% 0

The signs denote nonpolar (’0’), polar (’17), positively

(’+7), and negatively charged ("—’), respectively.
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