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Abstract

Aquaporins (AQPs) form a large family of transmembrane protein channels which
have been found throughout nature. AQPs facilitate the highly efficient and selec-
tive flux of water across biological membranes, whereas related aquaglyceroporins
are additionally permeated by small organic compounds such as glycerol or urea.
For the present thesis we employed molecular dynamics simulations to study the
selectivity, inhibition, as well as a putative regulatory mechanism of aquaporins.
At first, the permeation of apolar gas molecules such as carbon dioxide though
aquaporin-1 (AQP1) is inspected. The simulations reveal that the permeation of
such gases through AQP1 can only be inspected in membranes with unusually
low intrinsic gas permeability. In the following, a typical member of the water-
conducting AQP subfamily (AQP1) is compared to a member of the aquaglyc-
eroporin subfamily (GIpF). It is found that AQP1 forms a filter which allows the
permeation of small polar solutes only, whereas GIpF is less selective allowing the
permeation of all considered solutes except for urea. Water—protein interactions
complemented by steric restraints are shown to play a key role in the molecular
mechanism of selectivity. The putative regulation of the water flux through AQP1
by an electrostatic membrane potential is addressed. In addition, through a number
of computational approaches the putative inhibition of AQP1 by tetraethylammo-
nium (TEA) is investigated. TEA is shown to bind into the channel entrance while
inhibiting the water flux partially. Finally, we present an extensive analysis of
short-range order and collective dynamics of a lipid bilayer membrane. The simu-
lations are compared to scattering experiments. It is shown how the interpretation

of scattering data can be aided by simulations.
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Zusammenfassung

Aquaporine (AQPs) bilden eine grofie Proteinfamilie von Transmembrankanélen,
die in der gesamten belebten Natur gefunden wurden. AQPs ermoglichen einen
schnellen und selektiven Fluss von Wasser iiber biologische Membranen. Die Unter-
familie der Aquaglyceroporine ermoglicht zuséitzlich die Permeation verschiedener
organischer Verbindungen wie Glycerin oder Harnstoff. Fiir diese Dissertation wur-
den AQPs mit Hilfe von Molekulardynamiksimulationen untersucht, insbesondere
im Hinblick auf Selektivitat, Inhibition sowie auf einen moglichen Regulations-
mechanismus. Zunachst beschaftigt sich die Dissertation mit der Permeation un-
polarer Gase wie Kohlenstoffdioxid durch Aquaporin-1 (AQP1). Die Simulationen
zeigen, dass die Permeation solcher Gase durch AQP1 hochstens in Membranen
mit ungewohnlich geringer intrinsischer Gaspermeabilitat zu erwarten ist. Im Fol-
genden werden je ein Vertreter der Unterfamilien der wasserleitenden Aquapor-
ine (AQP1) und der Aquaglyceroporine (GIpF) verglichen. Es wird gezeigt, dass
AQP1 einen Filter bildet, der die Permeation von kleinen polaren Molekiilen er-
laubt, wahrend GlpF die Permeation aller betrachteter Molekiile aufler Harnstoff er-
moglicht. Wasser-Protein-Wechselwirkungen, erganzt durch sterische Beschrankun-
gen, spielen eine Schliisselrolle fiir den molekularen Selektivitdtsmechanismus der
Kanéle. FEine mutmaflliche Spannungsregulation des Wasserflusses durch AQP1
wird diskutiert. Das folgende Kapitel verwendet eine Kombination von comput-
ergestiitzten Verfahren, um die mogliche Inhibition von AQP1 durch Tetraethylam-
monium (TEA) zu untersuchen. Es wird gezeigt, wie TEA in den Kanaleingang
bindet und den Wasserfluss teilweise inhibiert. Schliefilich prasentieren wir eine
umfangreiche Analyse der kurzreichweitigen Ordnung und kollektiven Dynamik in
Bilipidmembranen. Die Simulationen werden mit Streuexperimenten verglichen.
Es wird gezeigt, wie Simulationen die Interpretation von Streudaten erleichtern

konnen.
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1. Introduction

Water is the medium of life. Its unique properties such as the high evaporation
temperature combined with a large heat capacity renders water an ideal solvent
for biological processes. From what is known today, life is unimaginable without

water.

A fundamental strategy adopted by any living organism is to separate the inside
of the organism from the outside. At an early state of the evolution, this concept
has been realized by the formation of cells which are separated from their environ-
ment by a biological membrane. To allow tight control on the biological processes,
eukaryotic cells are additionally subdivided into compartments which are again

separated from by membranes from the surrounding the cell plasma.

Since water cannot diffuse freely across biological membranes, water channels
need to be incorporated into the membranes if a substantial water flux is required.
In fact, the existence of intrinsic membrane water channels has been postulated
several decades ago. In the 1960s it was found that cells in the amphibian skin can
easily be permeated by water (1). Likewise, red blood cell membranes were known
to show large water permeability which can be reversibly inhibited by mercury (2, 3,
4). However, such channels remained unidentified until 1992, when Xenopus oocyte
membranes were observed to exhibit an increased water permeability after injection
of cRNA of the so called CHIP28 protein, a membrane protein whose function was
unknown in these days (5). (CHIP28 stood for CHannel-forming Integral Protein
of 28kDa.) Today, CHIP28 is called aquaporin-1 (AQP1) and represents the first
member of a large protein family termed major intrinsic proteins (MIP) whose
function could be identified. In mammals, AQP1 turned out to be expressed in a
number of different tissues such as red blood cells, kidney, lung, brain, capillaries,
and the eye (6). Members of the MIP family have been discovered throughout the
biosphere, in organisms ranging from archae and bacteria to fungi, plants, insects

and mammals. In 2005, approximately 450 different and (almost) complete amino
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AQP 2,5,6
AQPO
AQP1
AQP4
1 insect AQPs
plant and
animal AQPs PIPs
Eubacterial AQPs TIPs
AQP8
major intrinsic proteins, MIPs NIPs
(aquaproin superfamily)
SIPs

aquaglyceroporins (GLP)
(including AQP 3,7,9,10)

Figure 1.1.: Simplified evolutionary tree of the aquaporin superfamily (also termed MIPs). For
more detailed phylogenetic trees we refer to Zardoya (7).

acid sequences were listed in sequence databases (7). All MIPs are homologous,
indicating that they all may descend from an ancestral aquaporin prototype. Hence,
MIPs have probably appeared in a very early state of evolution, which highlights

the importance of water flux across biological membranes.

The MIP family can be divided in two subfamilies, in aquaporins (AQP) which
are generally considered as pure water channels, and aquaglyceroporins (GLPs)
which are additionally permeated by solutes that do not diffuse sufficiently rapid
across membranes, such as glycerol, urea, or ammonia. Unfortunately, the nomen-
clature is ambiguous. In many publications all MIPs are referred to as aquaporins
and aquaglyceroporins are rather considered as a subgroup of an aquaporin super-
family. Applying phylogenetic analysis, the ordinary AQPs can be further divided
into subgroups, including eubacterial AQPs, animal AQPs, and plant aquapor-
ins (7). The subfamilies of plant MIPs are referred to as NIPs (Nod26-like intrin-
sic proteins), TIPs (tonoplast intrinsic protein), PIPs (plasma membrane intrinsic
proteins), and SIPs (small-basic intrinsic proteins). A simplified scheme of the

evolutionary relationships within the AQP superfamily is shown in figure 1.1.

So far, 13 different aquaporins have been discovered in humans. They are spec-
ified as AQPO to AQP12 and have been found in numerous tissues including red
blood cells, leukocytes, kidney, liver, lung, brain, eye, testis, several glands, stom-
ach, intestine, blood capillaries, and skin. AQP1, 2, 4, 5, and 8 are selective and
efficient water channels. AQP3, 7, 9, and 10 are additionally permeated by urea
and glycerol, AQP7 and 9 as well by arsenite (6). AQPG6 is restricted to intracellu-
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(b) AQP1 f? (c) GIpF (d) SoPIP2;1
) . p * 7 J \ " ,

archaeon human bacterium (E. Coli) plant (spinach)

Figure 1.2.: Crystal structure of aquaporins from four highly distinct organisms, archael AqpM
(a), human AQPI1 (b), bacterial GIpF (c), and SoPIP2;1 from spinach (13, 14, 15, 16). All
aquaporins share a similar structure including six transmembrane helices and two half helices
(compare fig. 1.3a).

lar vesicles, allows the passage of anions such as NO; or Cl7, and can be rapidly
gated by pH (8). AQPO is only a poor water channel, but it is known to play an
important role in the regular stacking of fiber cells in the eye lens, since mutations
in AQPO were reported to cause cataract (9, 10). The functions of AQP11 and
AQP12 are still unknown (11, 12). For more extensive discussions on the diverse

functions of aquaporins we refer to the review by King et al. (6).

The unique aquaporin structure By 2007, the structures of seven distinct aqua-
porins have been resolved at high resolution by x-ray or electron crystallogra-
phy (13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24). Remarkably, all aquaporins
share a common fold. This is highlighted in figure 1.2 which displays aquaporins
from four highly distinct species that have been separated at an early state of the
evolution.

The common structural features of aquaporins are depicted in figure 1.3a. Aqua-
porins are composed of six transmembrane helices (H1-H6) and two half-helices,
denoted HB and HE. The loops connecting the helices may significantly differ in
length and sequence among different AQPs. Aquaporins have evolved via gene
duplication (25). Each repeat contains three transmembrane helices and one half
helix. The two repeats are oriented by 180° to each other. The N-terminal segment
H1-H2-HB-H3 shares approximately 20% sequence identity with the C-terminal
segment H4-H5-HE-H6 (26). Noteworthy, aquaporins form tetramers under physi-
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(a)

Extracellular

(b)

ar/R

NPA

C-terminus/ \

Cytoplasm N-terminus

Figure 1.3.: (a) Structure of aquaporin-1 (AQP1) as an example for the common fold of aqua-
porins. AQPs are composed of six transmembrane helices, denoted H1-H6, and two half-helices
HE and HB. Loops A and C significantly differ in sequence and length within the aquaporin
family (compare fig. 1.2). (b) Snapshot of an molecular dynamics simulation showing a single
file of water inside the AQPI1 pore. Some water-interacting amino acid side chains are shown
in ball-and-stick representation. As indicated by the black bar, the two conserved Asn-Pro-Ala
(NPA) motifs are located at the end of the two half-helices . The asparagines of the NPA mo-
tifs form strong hydrogen bonds to permeating water molecules. Closer to the extracellular exit
of the channel the aromatic/arginine constriction region (ar/R) forms the narrowest part of the
channel (15).

ological conditions, with each monomer contributing one functional water pore. An
overview on AQP crystal structures and current structural research on AQPs can
be found in Gonen et al. (27).

Aquaporin function Water permeates in a single-file manner across AQP chan-
nels as shown in fig. 1.3b. The ordered motion of water molecules is ensured by
the regular arrangement of hydrogen bond donors and acceptors along the channel
pore (15). Hydrophilic groups are located at one side of the pore, forming a lat-
tice of potential hydrogen bond partners for water molecules. The channel pocket
opposite to the H-bond partners is hydrophobic, which ensures a well-ordered con-

figuration of water molecules along their H-bond partners. This structure allows
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rapid permeation of up to 3 x 10? water molecules per second and channel (28, 29).

Two key interaction sites for permeating water molecules have been identified in
AQPs (30). Two conserved Asn-Pro-Ala (NPA) motifs are located at the inner-pore
ends of the two half-helices HB and HE (compare fig. 1.3b). The two asparagines
of the NPA site point into the pore and form strong hydrogen bonds to passing
water molecules. The dipoles of the two half helices generate a large electrostatic
potential around the NPA site which makes dipoles of the water molecules rotate by
~ 180° upon permeation through the channel (30). 10 A closer to the extracellular
exit of the pore, the aromatic/arginine (ar/R) constriction region forms a second
key interaction site (fig. 1.3b). Here, a conserved arginine together with aromatic

residues constitute the narrowest part of the channel (15).

Protons (or hydronium ions) are strictly excluded from AQP channels. This
feature is pivotal for the cell since is maintains the pH gradient across the mem-
brane. The pH gradient is an energy source which is employed by the enzyme
ATPase to synthesize ATP, the energy unit of the cell (31, 32). The fact that
AQPs exclude protons is remarkable, since other single-file water channels such as
bacteriorhodopsin (33) and gramicidin (34, 35) facilitate rapid proton translocation
by so-called the Grotthuss mechanism (36), the “hop” of protons from an hydro-
nium ion to a neighboring water molecule along a hydrogen bond (33, 37). While
early studies focused on a discontinuous H-bond network inside the pore to explain
the protein exclusion (30, 38), more recent studies highlight the large energetic
barrier that hydronium ions encounter near the NPA region (39, 40, 41, 42, 43, 44).
Whether the barrier is of electrostatic origin or due to desolvation effects is still a
matter of debate (45, 46).

Malfunctions of aquaporins cause diseases Since the discovery of AQPs medi-
cal implications of AQPs have drawn increasing attention. Malfunctions of AQPs
may cause a number of pathological conditions which are often associated to mis-
regulation of water flux. Examples are the eye disease glaucoma which can result
in blindness (47), or diabetes insipidus characterized by the inability of the kidney
to concentrate the urine (48). Moreover, AQPs have been shown to be associated
to life threatening conditions such as brain edema and tumor growth (49, 50, 51,
52, 53, 54, 55). These examples highlight the impact of AQP research far beyond

basic research and the need to understand the physiological functions of AQPs in
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the human body. For a more detailed discussion of medical implications of AQP1

we refer to chapter 6.1 and a number of reviews (56, 57, 58).

Physiological functions beyond water transport Within the last years substan-
tial progress has been made in understanding the manifold physiological functions
of AQPs and —on a biophysical level— the mechanisms of water permeation and
proton exclusion. Current research focuses increasingly on permeation character-
istics of AQPs beyond their function as mere water channels. For example, there
has been a controversial discussion on putative gas permeation through AQP1 ever
since AQP1 was reported to increase CO5 flux across oocyte membranes (59). Am-
monia transport through AQPs is an active field of research (60, 61) and glycerol
conduction through aquaporins has been shown to be physiologically relevant (62).
Another interesting development in AQP research is the focus on gating mecha-
nisms which have been discovered in plant AQPs and human AQP6 (8, 63). Those

recent developments are the starting point for the present thesis.

Experimental techniques. Why simulations? Water permeation experiments
are often performed by injecting cRNA of an aquaporin channel into Xenopus
oocytes (frog eggs) (5) or by directly reconstituting the AQP protein into lipo-
somes (29). Subsequently, the swelling of the oocyte or liposome in response to
an osmotic shock is measured. The permeation of solutes such as glycerol can be
determined by controlling the osmolality of the suspension with an nonpermeable
solute such as sugar (64).

Permeation of COy through AQP1 is more challenging as it is measured via
acidification with the help of carbonic anhydrase, an enzyme which catalyzes the
reaction of COy to carbonic acid (59). Unfortunately, it is not straightforward to
distinguish whether the CO, permeates through the channel or across the mem-
brane. Although widely used, the inhibition of AQP1 by Hg?* is not specific as
Hg?*t can affect the membrane or inhibit other proteins. Moreover, indirect effects
of the protein and the experimental procedure on permeation across the membrane
cannot be excluded (65). The physiological role of AQPs is often investigated by
knockout or overexpression of the corresponding AQP gene. The interpretation of
such experiments is not trivial since cells may compensate the knockout of an AQP
channel by overexpression of a related channel (66) or other side effects (67).

Since computer simulations allow to control solute pathways they are a useful

10
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tool to complement permeation experiments. Additionally, having all atom coor-
dinates and interactions at hand, they provide insights into molecular mechanisms
which drive biological processes such as solute permeation. The main drawbacks of
simulations, i.e. limited sampling and force field limitations, must be alleviated by

appropriate simulation techniques and extensive comparison to experimental data.

Aim of the present thesis

The present thesis aims towards a deeper understanding of the mechanisms that
govern permeation through AQPs. In a first step, we investigate the role of AQP1
in CO, permeation across biological membranes (chapter 3). Chapter 4 describes a
general mechanism underlying the selectivity for various solutes permeating through
aquaporins and aquaglyceroporins. Chapter 5 reports on a putative regulation of
water flux through AQP1 by an electrostatic membrane potential, and chapter 6
addresses the inhibitory effect of tetraethylammonium on AQP1 mediated water
flux, a contribution to the search for highly desired inhibitors for AQP1. The final
chapter 7 focuses on structural and dynamic properties of the medium surrounding
the AQP, namely the lipid bilayer. Each chapter provides additional introductory
background.

Gas permeation through AQP1 Gas transport is pivotal for any living organism.
For example, the transport of dioxygen Os from the lung to virtually any tissue
of the human body must be maintained to allow the burning of sugar. In turn,
the metabolism requires the evacuation of CO, via the lung. Along their way the
gas molecules cross a number of biological membranes such as membranes of the
pulmonary alveoli or the red blood cell membranes. Until recently, it was generally
accepted that gas molecules can freely diffuse across biological membranes.
However, in 1998 it has been reported that AQP1 facilitates COy flux across
oocyte membranes (59). The publication triggered a lively discussion whether
AQP1 is permeated by CO5 and whether CO, transport by AQP1 has any physio-
logical relevance. Several publications emphasized the significance of COs perme-
ation through AQPs and their physiological role for CO5 permeation across mem-
branes in humans and plants (68, 69, 70). Other studies did not observe any CO»
permeation through AQPs and questioned any physiological relevance (65, 71).

11
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Chapter 3 of the current thesis tries to resolve the controversy. We employed
molecular dynamics (MD) simulations to study the energetics of COy permeation
along all possible pathways for a CO5 molecule across an AQP1 tetramer embedded
in a model membrane. The results suggest a physiological role of AQP1 as COq

channel only in membranes with unusually low intrinsic COy permeability.

The selectivity mechanism Numerous permeation experiments revealed diverse
permeation characteristics of aquaporins and aquaglyceroporins (72). AQPs were
reported to be permeated by water, CO,, nitric oxide NO, glycerol, urea, ammonia,
O,, hydrogen peroxide HyOs, arsenite, antimonite, and silicon (6, 60, 61, 73, 74, 75,
76, 77, 78, 79). However, a unifying picture which explains the diverse properties
of aquaporins has not evolved yet. In addition, the measured effects are sometimes
small and it is not clear whether all experiments do measure solute flux through
the AQP pore or whether some results are governed by indirect effects (65).
Therefore, chapter 4 takes a step beyond chapter 3 and employs extensive MD
simulations to elucidate a general selectivity mechanism underlying the characteris-
tics of aquaporins and aquaglyceroporins. Moreover, the chapter aids the interpre-
tation of permeation experiments by comparing the permeation pathway through

the AQP pores with the alternative pathway across two model membranes.

Voltage-regulated water flux? The tight regulation of water permeation across
membranes is essential for any living cell. By regulating the water permeability
of its membranes the cell can react to changes in the availability of water. Many
plants, for example, need to cope with wet conditions as well as longer periods
of drought. Several mechanisms to regulate the water flux via AQPs have been
discovered during the last years. The density of AQPs is the plasma membrane
can be regulated by hormones which trigger the trafficking of AQPs from storage
vesicles inside the cell to the plasma membrane (80, 81, 82, 83, 84). Mammalian
AQPO, 3, and 6 as well as a PIP channel in plant roots were found to be sensitive
to pH or Ca®" concentration (8, 16, 63, 85, 86, 87, 88).

In contrast to many ion channels (89, 90), AQPs have not been reported to be
sensitive to an electrostatic membrane potential. However, we observed a remark-
able correlation between the membrane potential and the permeability of AQP1

during MD simulations, which is further outlined in chapter 5.

12
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The search for inhibitors Effective and selective inhibitors for AQPs are highly
desired. AQP1 is expressed in vascular membranes of tumor tissues (49). In mice
lacking AQP1, tumors showed in impaired growth of blood capillaries (angiogen-
esis), leading to reduced tumor growth (50, 51). Hence, effective inhibitors for
AQP1 may turn out as new antiangiogenic drugs. Other conditions which could be
treated by AQP inhibitors include brain edema, glaucoma, or renal disorders.

Unfortunately, selective and effective inhibitors for AQPs remain unknown. In
chapter 6 we investigate the binding site and the moderate inhibition of AQP1
by tetraethylammonium (TEA). TEA does not selectively bind to AQP1 nor does
it inhibit the water flux completely, but it may turn out as a lead compound for
AQP1 inhibition.

Structure and dynamics of lipid membranes MD simulations are based on a
force field model and must be compared continuously to experimental data. The
comparisons are essential to both validate the methodology and to indicate the
limits of present force fields which can, in turn, initiate further force field im-
provements. The present thesis aims to contribute to this process by considering
a number of structural quantities of the medium surrounding the AQP, i.e. the
lipid bilayer membrane. Therefore, chapter 7 presents comparisons between sim-
ulation and experiments in a novel way, with a focus on the lateral (parallel to the
membrane) ordering of the lipid molecules. In addition, it is demonstrated how
simulations help to relate quantities in reciprocal space which can be measured
experimentally to real-space properties such as the area per lipid or the tail-tail
distance of the lipids. The mapping from reciprocal space to real space quantities
represents a good example how the interpretation of experimental results can be

aided by simulations.

13
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2. Theory and Methods

This chapter introduces the methodological framework that was applied in this
thesis. The results have been derived from molecular dynamics (MD) simulation
that are briefly discussed in the following section. More details on the applied

methods are presented in the corresponding section of chapters 3-7.

2.1. Principles of molecular dynamics simulations

MD simulations model the motion of molecular systems by numerically integrating
Newton’s equations of motion. Nowadays, MD simulations of small proteins cover
timescales of a few microseconds. On shorter timescales, systems of up to ~1

million atoms can be described.

2.1.1. The three approximations of MD

Conventional MD simulations are based on three approximations: (i) the decou-
pling of the motion of nuclei and electrons (Born-Oppenheimer approximation),
(ii) the assumptions that the nuclei motions can be described classically, and (iii)
the application of empirical force fields. A detailed discussion on the hierarchical

approximations of MD can be found in reference (91).

(i) Born-Oppenheimer approximation The time evolution of a molecular system
is described by the time-dependent Schrodinger equation
oY
HY = ih—, 2.1

v=ins, 2.1)
where ‘H denotes the Hamiltonian of the system 1) the wave function, A the Planck
constant h divided by 27. The wave function 9 is a function of the positions of both
the nuclei and the electrons, i.e., ¥ = ¥(R,r,t). Here, R denotes positions of the

15



2. Theory and Methods

k nuclei, R = {Ry,..., Ry}, r the positions of the m electrons, r = {ry,...,r,},
and t the time.

The idea behind the Born-Oppenheimer approximation is to decouple the fast
electron motions from the slow nuclei degrees of freedom (92). The approximation
is to assume that the electronic structure adapts instantaneously to given nuclei
positions. Within this framework the electrons move in a field of fixed nuclei. The

wave function can be separated by the ansatz

w(Ra r, t) - wn(Rv t)d’e(r; R)7 (22)

with a wave function 1, (R, t) of the nuclei and the electronic wave function . (r; R)
— the latter being only parametrically dependent on the nuclei positions. Given
fixed nuclei positions, the electronic wave function may be determined by solving
a time-independent Schrodinger equation that contains the nuclei positions R only
parametrically,

He(R) the(r; R) = Eo(R) ¢e(r; R). (2.3)

Here, the electronic Hamiltonian H.(R) = H — 7,, with the kinetic energy of the
nuclei 7,, being subtracted from the Hamiltonian of the complete system H. Hence,
H.(R) contains only derivatives with respect to the positions of the electrons {r;}.
The eigenvalues of eq. 2.3, E.(R), are termed potential energy surface and are the
potential that the nuclei “feel” upon motion. Applying egs. 2.2 and 2.3 into eq. 2.1

yields the the time evolution of the nuclei as a time-dependent Schrodinger equation

0 (R, 1)

(T, + B(R)) V(R 1) = ih ="

(2.4)

As a second step, the translational, rotational, and vibrational degrees of freedom
of the nuclei can be separated approximately (93) which is, however, not required
for MD simulations. The Born-Oppenheimer approximation holds as long as the
eigenvalues of eq. 2.3 significantly differ, i.e., the potential energy surfaces of distinct
excited states do not approach each other. For molecules in the ground state this

is usually the case.
(ii) Classical motion of nuclei Typical macromolecular systems contain up to

several hundred thousand atoms which prohibits to solve the time-dependent Schro-

dinger equation of the nuclei. As a second approximation, MD simulations replace

16



20%c e

the nuclei by classical particles that evolve in time according to Newton’s second

law
0’R;

Here, m; denotes the mass of atom i and V(R) = Eéo)(R) the potential energy
surface of the ground state of eq. 2.3. This second approximation can be justified
by (a) the fact, that the spacial expectation value of the positions of the nuclei
evolve according to the classical equation (Ehrenfest Theorem (94)), and by (b)
very short decoherence time scales of proteins in solvent, i.e., a protein in solvent

behaves classically (95).

(iii) Force fields Due to the large number of electrons in the system, solving the
time-independent Schrédinger equation 2.3 is prohibitively expensive. Therefore,
the potential energy surface F.(R) is approximated by a sum of simple empirical
expressions that yield a sufficiently accurate approximation to E.(R) but are also
computationally cheap to evaluate. The empirical approximation to E.(R) is re-
ferred to as force field. Within the force field, the molecules are approximated by
a ball-and-spring-like model. For more details on the current state of force field

development we refer to ref. (96).

A typical expression for the potential energy reads (97)

VR) = Vi + Va+ Vain + Vimp.ain + Vg + Veoul (2.7)
ki 9
— > | E(zi —4io)
bonds i
fi
+ Z 5(90 Pi 0)
angles i
+ Z —[1+ cos(ng; — ¢io)]
dihedrals i
+ Y kil& = &)
imp. dih. i
de. . Y N s 47 9
* Z i [(Ti]’) (TU) ] + 47T60€r7”ij ( 8)
pairs 1,j

17



2. Theory and Methods

Here, the bond stretching potential V4, the bond angle potential V,, and the im-
proper dihedral potential Viyp ain are modeled as harmonic potentials. (Improper
dihedrals model bending modes out of a molecular plane such as aromatic rings.)
Proper dihedral potentials Vg, are modeled by a cosine with periodicity n and
potential barriers V;. Non-bonded interactions are evaluated pairwise and neglect
many-particle effects. Short-range repulsive and attractive dispersion interactions
are generally described together by a Lennard-Jones (LJ) potential with the pa-
rameters 0;; and ¢;; that determine width and the strength of the potential. In the
Coulombic term, ¢; denotes the partial charge of atom . The dielectric constant e,
is usually set to unity.

The form of the terms in eq. 2.8 differ between different force fields or terms
may be replaced by more realistic expressions if required by the application. For
example, bond stretching may be modeled by Morse potentials, alkane dihedrals
are often modeled by Ryckaert-Bellemans potentials, or the LJ potential can be
replaced by the more realistic Buckingham potential (97). For the present thesis,
the OPLS all-atom force field was applied (98, 99). Other force fields which are
widely used in MD are, for example, different versions of GROMOS (100, 101),
AMBER (102), and CHARMM (103, 104). The parameters of the force fields
are generally derived by multi-dimensional fits to results from quantum chemical
simulations and to thermodynamic quantities such as experimental solvation free
energies of amino acids.

Force fields allow to compute interatomic interactions in a sufficiently cheap
manner while describing the system in sufficient atomistic detail to investigate,
for example, biological macromolecules. However, for any application the validity
and accuracy of the force field should be checked, for example by comparison to
experimental data. It should be mentioned that biological processes may include
chemical reactions, charge transfer processes, or molecules in excited electronic
states. Such processes cannot be described by force fields similar equation 2.8, and
a more advanced force field than eq 2.8 or even a quantum mechanical description

of (parts of) the system may be required.

2.1.2. Simulation details

The MD simulations for the present thesis have been performed with the Gromacs

simulation package (105, 106). The following paragraphs discuss some details of
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MD simulations which are applied to render the simulations both realistic and

computationally cheap.

Time integration In Gromacs the time integration is performed via a leap-frog
version of the Verlet algorithm (107) which is mathematically equivalent but com-
putationally more stable than the classical Verlet scheme (108). In the leap-frog

algorithm, the integration step is computed by

v(t+At/2) = v(t—At/2) +F(t) At/m (2.9)
r(t+At) = r(t) +v(t+ At/2) At. (2.10)

The time step At must be chosen sufficiently small to avoid computational integra-
tion errors in the fastest motions, i.e, the vibrations of hydrogen atoms. Explicit
simulation of vibrational modes requires a times step of 1fs. Since bond vibration
hardly couple to global motions in proteins, bond lengths are usually constrained
during the simulation allowing a time step of 2fs. For this thesis, the LINCS al-
gorithm (109) was applied to constrain bond lengths of the protein and the lipids,
and SETTLE was used for the water molecules (110).

Lennard-Jones and electrostatic interactions Pairwise non-bonded interactions
scale quadratically with the number of atoms in the system if all possible interac-
tions are explicitly evaluated which is prohibitively expensive for systems of more
than 10* atoms. To avoid the disadvantageous scaling, the LJ interactions are typ-
ically cut off between 1.0 and 1.4nm (103) and a grid-based neighbor searching is
applied during the simulation. The most time consuming part in a simulation step
is the calculation of the coulomb interactions. Compared to the LJ potential the
Coulomb potential decays very slowly with only 7—!. A cut-off in the Coulomb
potential can therefore induce severe artifacts (111, 112). The nowadays’ standard
method to compute electrostatic interactions is via the Particle-mesh Ewald sum-
mation which is an improvement to the original Ewald summation. The latter was
introduced to calculate long-range interactions of periodic images of crystals (113).
Its idea is to split the slowly converging electrostatic energy into long-range and
short-range contributions which both converge more rapidly. Since the Ewald sum-
mation scales like N? with the particle number N, the method is not practical for

large systems. The particle-mesh Ewald (PME) method improves the derivation of
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Figure 2.1: Potential of mean force (PMF)
G(z) for permeation of a water molecule
through a membrane of pure POPC. z de-
notes the reaction pathway perpendicular to
the membrane. The PMFs have been derived
while applying different combinations of tem-
perature/pressure coupling as denoted in the
figure legend. The PMFs agree within the -
statistical uncertainty of 2kJ/mol. membrane normal z [nm]

G(z) [kd/mol]

the long-range electrostatics by assigning the charges to a grid and calculating the
potential as a simple sum in reciprocal space(114, 115). Since the switch to recip-
rocal space can be performed by a fast Fourier transformation the PME method
scales like N log V.

Pressure and temperature coupling Due to the low compressibility of condensed
media fixed box dimensions may yield to high pressure during a simulation. There-
fore, the simulation box can be coupled to a pressure bath. For the present thesis
the Berendsen pressure coupling was applied. The method scales box vectors and
coordinates at every step such that the pressure P decays exponentially towards
some reference pressure Py, dP/dt = (P, — P)/7 (116).

Likewise, the temperature must be controlled during a simulation. Otherwise,
numerical inaccuracies, force cut-offs, or dissipative work in non-equilibrium sim-
ulations (such as force-probe simulations) can heat up (parts of) the simulation
system. Here, the Berendsen algorithm was applied which scales the velocities such
that the temperature decays exponentially to the reference temperature (116).

A theoretical drawback of Berendsen pressure and temperature coupling is that
they do not generate well-defined ensembles but rather an ensemble in between
a canonical an microcanonical ensemble, depending on the coupling parameter
7 (117). Well-defined ensembles can be generated via Parrinello-Rahman pressure
coupling (118, 119), Nosé-Hoover temperature coupling (120, 121), or by coupling
of the system to a Langevin thermostat. For practical purposes the difference be-
tween the coupling algorithms is small except for for observables which do explicitly
depend on the velocity distribution or pressure fluctuations. As an example, fig-

ure 2.1 shows the potential of mean force (PMF for water permeation across a
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membrane of pure POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine). The
PMFs have been derived applying various combinations of temperature/pressure
coupling. They agree within the statistical error or 2kJ/mol (compare sections 2.2
and 4.2).

2.2. Potentials of mean force

2.2.1. Definition

The concept of potentials of mean force (PMF) was first introduced by Kirkwood in
1935 (122). The PMF is a central quantity in computer studies of biological system
since it is directly related to distribution functions and transition rates along reac-
tion pathways. Such pathways may be conformational transitions, chemical reac-
tions, solute permeation, binding or transport events, or any other macromolecular
process that can be reduced to one or few reaction coordinates.

The PMF is what its name says: the potential that results from integrating the
mean force acting on a particle (or some particles) along some reaction pathway.
The present thesis considers permeation events across aquaporin channels. In such
cases the reaction coordinate can be chosen as a spatial coordinate of a single
particle which helps to keep the notation simple. From the 3N spacial coordinates of
the N particles, let us denote the reaction coordinate as x; and all other coordinates
as Ty, ...,r3y. Lhen, the mean force acting on the particle being located at 1 = a

is given by

/dx2 e deN (_av(a? x287 cc ,ng)) e*ﬁV(a,xz,...,ng)
a

/dxz <o -dasy e AVI(az2,.w3N)

(2.11)

Here, V(a,zs,...,x3y) is the potential energy for the N particles being located
at {a,x9,..., 235}, =0V (a,z2,...,23n)/0a the force, and exp(—(V') the Boltz-
mann factor giving the probability for the system to be in state {a,xs, ..., x3n}.
B = 1/kgT is the inverse temperature with the Boltzmann constant kg and the
temperature T

It should be mentioned that for eq. 2.11 we assumed the potential V' to be not

explicitly dependent on the momenta of the particles. Otherwise, the integrations
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in expression such as eq. 2.11 must additionally be performed over momentum
space and the Boltzmann factor would read exp(—@H) with the the Hamiltonian
H =T + V. If the potential does not depend on the momenta, the contributions
from integrating over momentum space cancel between numerator and denominator

in eq. 2.11. In the following we assume that this is the case.

The PMF W(a) along the reaction pathway z; is defined naturally from the

mean force by
W (a) = ~(F(a) (212

2.2.2. The PMF is a free energy profile

Constrained free energies The following section shows that the PMF is a free
energy profile. In practice, the two expressions are used synonymously. In statistical

physics, the partition function (123) is defined by
Z = /d3Nx d*Npe PH, (2.13)

The free energy W is connected to the partition function via W = InZ. If the
integration in eq. 2.13 is performed over states of constant volume, W is referred
to as Helmholtz free energy, if the integration is performed over states of constant
pressure, W is denoted as Gibbs free energy. A common concept in statistical
physics are the so called constrained free energies (124). The idea is to describe a
statistical system with a prescribed observable A(x,p). Let us consider a system
with some observable A being constrained to £&. Then, a corresponding partition

function is given by

7Z(€) = / BN d®Np §(A(x,p) — &) e P, (2.14)

where 0 denotes the Dirac d-function. A free energy of the constrained system

system may be naturally defined by

AW(E) = In Z(§). (2.15)
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Since the probability for a for every micro state is a priori equal (123), the proba-
bility for the unconstrained system to be in a state with A = £ is
2 _ 1 —ome
— S _ 2.16
pl)=—r=e (2.16)
Connection to PMF  To show that W(¢) is the potential of mean force, we con-
sider the case where the constrained observable is is x1, i.e. A(X,p) = x1. x; shall

be constrained to a. The derivative of W(a) with respect to a yields

B OW(a) (2.15) 1 2 @
da B BZ(a) Oa

. . ~1 /dl’l . dng e BV (z1,...,x3N) 25(1‘1 _ CL)
Z(a) da

= — ~1 /d_g(;2 'dngﬁe BV (a,x2,....x3N)
BZ(a) da

fry J— 3 \/\de dx3N (_ﬁa‘/(aa x27 .. 7x3N) —ﬁV(a TL2yeuny .1’5]\])
BZ(a) da

(2.11)
1 (Pa)). o1

Here, eqgs. 2.15 and 2.11 were applied as denoted by the above the equalities. More-
over, Z = [ d*Nz exp[—[V (x)] was introduced to simplify the notation.

Hence, the constrained free energy W(a) (defined by eq. 2.15) is the potential of
mean force as defined by eq. 2.12. Since the MD simulations for this thesis were
performed with pressure and temperature coupling they generated (approximately)
NPT-ensembles. Therefore, the probability of for the unconstrained system to be
in a state with A = £ is given by p(¢) = Z ' exp[—BG(€)] with Gibbs free energy
G(¢). To emphasize in the following that we mean the Gibbs free energy when

using the term free energy, we use the symbol G for the latter.

2.2.3. Simulation methods to determine the PMF

For macromolecular systems the partition function Z is usually unknown and the
absolute (constrained) free energy cannot be determined. Fortunately, for most
applications it is sufficient to determine relative change of the free energy along the

reaction pathway &. Let & denote the reference, then the PMF can be expressed

23



2. Theory and Methods

as

GE)=GE) -4 (5((3) : (2.18)

Here, G(£*) is an arbitrary constant. In practice, G(£*) is often set to zero and
G(§) is considered as the relative change of the free energy with respect to £*. p(§)

is often referred to as average distribution function. According to egs. 2.14 and 2.16
p(§) is given by
pe) = 5 [ aVed(Ap) - e (2.19)
In principle, the PMF can be determined from an equilibrium simulation by eval-
uating p(£) along the reaction path. However, this procedure is often impractical
since the sampling at high barriers in the PMF is exponentially small in equilibrium
simulations. A possible workaround is to apply artificial forces to either guide (or
steer) the system along the reaction pathway, or to confine the system at subse-
quent positions along the reaction pathway. Subsequently, the artifacts from the

guiding or confining potential must be removed to calculate the PMF.

Several methods have been applied to biomolecular system to achieve this task.
The following list summarizes the methods. For a more detailed comparison we

refer to the concise overview by Kosztin et al. (125).

A For Umbrella sampling simulations the system is restrained at subse-
quent positions along the reaction pathway using a restraining potential that
remains constant during the simulation (126, 127). The starting positions
must be chosen sufficiently close to each other to ensure that the complete
reaction pathway is well-sampled. Umbrella sampling was extensively applied

for the present thesis and is explained in more detail in the following section.

B In force-probe MD simulations (128) (FPMD, or steered MD (129)) the
system is restrained to a harmonic guiding potential. During the simulation,
the guiding potential moves at constant speed and pulls the system along
the reaction pathway. The simulation is repeated several times yielding a
distribution P(W) for the mechanical work W that was performed by the
guiding potential on the system. The challenge is to find a way to reconstruct
the underlying PMF from the FPMD simulations. Unfortunately, this task is

non-trivial since the work W is the sum of (i) the free energy difference that
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the system has to overcome AG, and (ii) of dissipative work Wy,
W =AG+ Wy. (2.20)

Methods that have been proposed to reconstruct AG from P(W) include the

following:

o Jarzynski equality (exp(—pW)) = exp(—FAG) (130, 131, 132). The va-
lidity of the equation depends crucially on a small fraction of sampled
pathways with W; < 0 that transiently violate the second law of thermo-
dynamics. Such trajectories are very rare in simulations rendering the
method often impractical. The direct application of Jarzynski’s equality

is therefore only recommended for pulling paths close to equilibrium.

e Jarzynski equality in the stiff-spring approximation (SSA) (130, 133,
134). In the SSA, the free energy difference can be calculated via

AG(€) = =B n(e PV(©), (2.21)

Since an exponentially large number of trajectories are required to eval-
uate the exponential average, the relation is often approximated by the

cumulant expansion (133),
AG(E) = =57 (e ™)~ (W(Q)) = Bog/2,  (2:22)
where o3, is the variance of the work distribution,
o¢ = (W(§)*) — (W(¢)* (2.23)

e Forward and reverse pulling with a stiff spring (125). The transient
fluctuation theorem by Evans and Searles (TFT) (135, 136) (which is
a special case of Crooks theorem (137)) relates the work distributions
for forward and backward pullings to the dissipative work. In the SSA
the work distribution for both the forward and backward pullings are
Gaussian (125). Using TFT, the PMF can be approximated by

AG(E) = ((Wr) — (Wg))/2 (2.24)
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where Wy and Wpg denote the work for the forward and backward

pulling, respectively.

C For constrained force simulations the system is also simulated at discrete
positions &; along the reaction coordinate. In contrast to umbrella sampling,
however, the system is reset every step to & and the average force (F(§;))
along the reaction coordinate is recorded (138). Subsequently, the average
force is integrated along the discrete positions &. Hence, constrained force

simulations yield the PMF only at discrete positions.

D Several other methods are frequently used to access free energies such as free
energy perturbation (139, 140), thermodynamic integration (141, 142), or
particle insertion (143). These methods are particularly useful to compute
free energy differences AG between discrete states, such as a free energy of
solvation or ligand binding. To address continuous PMFs along a continuous

reaction pathways theses methods are less suitable.

2.2.4. Umbrella sampling simulations

A widely used approach to calculate PMFs from computer simulations is the um-
brella sampling technique introduced by Torrie and Valleau (126). A comprehensive

review can be found in ref. (144).

The key idea is to confine the system at subsequent positions along the reaction
coordinate ¢ by applying an additional artifical umbrella potential w;(£) (compare
figure 2.2). The umbrella potential confines the system close to previously selected
positions &; and ensures sufficient sampling around &;. If the &; are chosen suffi-
ciently dense, the complete reaction pathway is well sampled when combining the
single umbrella runs. The biasing potentials w;(£) are usually chosen harmonic,
wi(€) = 3k(§ — &)?, with a force constant k and centered around successive values
of &;.

Umbrella simulations generate trajectories referring to the potential energy V(R )+
w;(£). Hence, the average distribution functions p;(§) that can be extracted from

the simulations are biased by the confining potentials w;(£). Using eq. 2.19 p;(§) is
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Figure 2.2: Illustration of the
concept of umbrella sampling sim-
ulations. Here, for a COy mole-
cule permeating along some reac-
tion pathway. To ensure sufficient
sampling at barriers along the path-
way, the COy molecule is confined
to subsequent positions by apply-
ing an artificial harmonic poten-
tial.  G(&) denotes the unbiased
PMF, w;(&) the umbrella potential,
p;i (&) the distribution function (um-
brella histogram) extracted from
the simulation, and & the reaction
S coordinate.

\

given by
/d3NI (5(A(X) _ 5) e—ﬂ{V(x)+wi[.A(x)}}

pi(§) = : (2.25)
/ A3V 5 @BV () +wi(Ax))]

Note that A(x) is the function that maps the coordinates x of the 3N particles

onto the reaction coordinate £. Making use of the d-function we get

(€) Bui(€) & / &V §(A(x) — e V)
Di f = e w;

71 [ BV o Bwil A gV (x)

suite)___PLE)
¢ (e Buil AR (2.26)
For the last equality we applied eq. 2.19 and the definition of the average (---) =
Z! [ ANz - exp[—BV(x)]. Plugging p(§) from eq. 2.26 into eq. 2.18 yields for
the unbiased PMF of the ¢th umbrella window

pi(é)
p(&*)

Gi(€) = G(") — 57 n ( ) —wil€) + i (2.27)
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with the undetermined constants F; defined via
o F = (o= PuilAGILY. (2.28)

The crucial step is to determine the constants F; that correspond to the free
energy difference for introducing of the umbrella potentials. Early approaches ad-
justed the adjacent G;(£) by constants offsets such they they agree in the regions
where they overlap (126, 127). The adjustment can be done, e.g., by a least squares
fit in regions with overlap (145). Another approach is to apply free energy pertur-
bation to compute difference of the F; between adjacent umbrella windows (146).
For the preset thesis the weighted histogram analysis method (WHAM) (147) was
applied which is nowadays considered as the most suitable method to compute the
PMF from the umbrella histograms (144).

2.2.5. Weighted histogram analysis method (WHAM)

The WHAM procedure was introduced by Kumar et. al (147) and is a generalization
of the histogram method by Ferrenberg and Swendsen (148). The central idea is
to write the (unbiased) distribution function p(§) x exp(—FG(§)) as a weighted

unbiased

sum over the unbiased individual distribution functions Pi)

; Subsequently,
the weights are chosen to minimize the statistical error of p(¢). Hence, the WHAM
procedure selects the overall PMF that (given the umbrella histograms) corresponds
to the smallest statistical error and which is therefore considers as the most likely

PMF.

Derivation of the WHAM equations The following paragraph briefly sketches
the derivation of the WHAM equations. The detailed derivation can be found in
the original publication (147). From eq. 2.26 the unbiased individual distribution

functions can be expressed as

p?ir)lbiased = et (&) e O, (2.29)

The overall distribution function is expressed as a weighted sum over the pa.‘;biased,

Ny Nuy
p(§) = Zwi pt‘sblased with Zwi = 1. (2.30)
i=1 =1
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Here, the w; denote the weights and N, the number of umbrella windows. The
statistical error of p(£) depends on both the weights and the statistical errors of

the p?;)lbiased, ie.

Nw
ple) = D wi *p, (2.31)
i=1

where the 52p?i‘;biased are estimated from the number of data points of the histogram
n; and an autocorrelation time which will cancel out in end. §%p(£) is minimized

by setting the derivatives of §?p(¢) with respect to a all w; equal to zero,

d[0*p(€)]

=0 i =1,...,N,. 2.32
awZ ) /l' ) ) ( )

Solving the set of equations 2.32, yields the WHAM equations
Ny
Z nipi(§)
p(€) = 5

= ,
Z nie—ﬁ[wz‘(ﬁ)—Fi]
=1

(2.33)

where the free energy constants F; are calculated from the best estimate of for the

distribution function,
e PF — /d{ e_ﬂw"(f)p(f). (2.34)

The WHAM equations must be solved self-consistently. Depending on the number
of histograms N,,, between 10% and 10° iterations are typically required until p(¢)

has sufficiently converged.

Cyclic WHAM procedure Transitions with an inherent periodicity should be de-
scribed by a periodic PMF. For example, the PMF for the rotation of a dihedral
angle exhibits a periodicity of 27. Likewise, the PMF for permeation of a solute
across a membrane equals on the two sides of the membrane if the chemical po-
tentials on the two sides of the membrane equal. Due to the periodic boundary
conditions this is usually the case in computer simulations of membranes or mem-
brane channels.

To account for the periodicity a cyclic version of WHAM was implemented.

To render the procedure cyclic within the interval [{yin, &max], two modifications
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(a)

Figure 2.3: Validation  of (b)
the cyclic WHAM procedure
through simple step potential.
(a) Given step potential G(&).
(b) Simulated umbrella his-
tograms p;(£). FEach histogram
contains 20,000 data points
which are distributed according
to exp{-B[G(§) + wi(§)]}. (c)
For demonstration, the peri-
odic boundaries were chosen at
¢ = =£0.95. Histograms that d
expand beyond the boundaries (d) T T T T
are mapped back into the interval.
(d) PMF determined from the
histograms in (b) by a cyclic
WHAM procedure. The step 1 : : ' '
potential in (a) is well reproduced. reaction coordinate &

count

(c)

count

G(&) /KT
o 4 N

compared to the non-cyclic method are sufficient:

e histograms that extend beyond the boundaries of the interval are mapped
into the interval by adding of subtracting A = &nax — Emin to the reaction

coordinate.

e When evaluating the umbrella potential in egs. 2.33 and 2.34, w;(§) = 3k(£ —
§i)?, € — & is replaced by £ — & £ AL if |€ - &| > A¢/2.

Figure 2.3 presents the validation of the cyclic WHAM procedure by a simple step
potential, G(§) = 2kT for £ < 0.25 and G(§) = 0 otherwise (fig. 2.3a). Umbrella
histograms p;(§) were generated by 20,000 random numbers which were distributed
according to exp{—pF[G(§) + w;(§)]} (fig. 2.3b). Subsequently, a cyclic WHAM
procedure was applied on the generated umbrella histograms which reproduces the

given step potential (fig. 2.3d).
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Figure 2.4.: (A) Simulation box of a hexadecane/water interface. For urea molecules which were
restrained during the umbrella simulations are shown in sphere representation. (B) Potentials of
mean force G(z) for moving the solute (as denoted in the figure legend) from the bulk across the
hexadecane slab. The z-direction is indicated by the red arrow in figure (A). (C) The hexade-
cane/water partition coefficient Kjey taken from experiment and calculated from the PMF in (B)
via Kpex = exp(—AG/kgT). Here, AG denotes the free energy difference between the solute in
water and in hexadecane.

2.3. Validation of solute parameters

For the present thesis extensive umbrella sampling simulations have been performed
to calculate PMFs for solute permeation through aquaporin channels or lipid mem-
branes. The solutes that have been simulated include HyO, CO4, Oo, NH3, glycerol,
and urea. During a permeation event of a solute, the solvation shell of the solute
needs to be partially or even completely removed from the solute. Hence, the main
energetic cost against permeation is due to desolvation which needs to be accurately

described by force field parameters of the solute.

Solvation free energies are not available for all solutes. Instead, partition coeffi-

sol

2001/ C between water and apolar solvents are mostly available in the

cients K = ¢

sol and Csol

apol + denote the equilibrium concentrations of the solute

literature. Here, ¢
in the apolar solvent and water, respectively, if the solvents are in contact. K
is related to the in solvation free energy difference AGY~%°! hetween the apolar

solvent and water via

K = exp(—AGY 7! [kpT). (2.35)

Here, as a preparatory work for chapters 3 and 4, the solute parameters are
validated by calculating the hexadecane/water partition coefficients Kjpe. The
simulation results are compared to experimental values which were taken from
references (149, 150, 151, 152). In the simulation, K}, was calculated by umbrella
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simulations at a water/hexadecane interface (figure 2.4A).

The results are summarized in figure 2.4. Figure 2.4B presents the potentials of
mean force for pulling a single molecule of Oy, CO,, NH3, HyO, glycerol, or urea
from the water phase across a layer of hexadecane. K. as computed from the
PMFs is compared to the experimental Kj, in fig. 2.4C. The simulations reproduce

the experimental Ky, favorably.
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3. Gas permeation through
Aquaporin-1

Gas transport across biological membranes is of pivotal importance for all living
organisms. Physiologically relevant gases are, for example, CO5, O5, NO or NH3. In
plants, CO4 exchange is essential for photosynthesis. The human body facilitates
the transport of CO,; and O between the pulmonary alveoli and tissues where
these gases are required by the metabolism. Along their way, CO5 and O, cross
a number of membranes including the membranes of the alveolar endothelia and
the red blood cell membrane. Nitric oxide NO is important for the regulation of
blood pressure (153). Moreover, NO plays a role in function an disease of the
kidney (154), and it acts as a neurotransmitter (155). Ammonia (NHj) and its
conjugated acid NH] are the primary substrates for the synthesis of amino acids
and are therefore essential for any living cell (31).

At the end of the 19" century Overton found that the relative permeability of a
lipid bilayer with respect to different solutes is approximately proportional to the
solute’s oil/water partition coefficient (156). Overton’s rule implies that membranes
are highly permeable to hydrophobic molecules such as CO5, O5 or NO. In spite of
its more hydrophilic nature, NH3 was also assumed to diffuse rather freely across
lipid bilayers.

This view has been challenged since the membranes of several tissues were found
to show low NHj permeability, such as membranes in the renal thick ascending
limb (157), the colonic crypts (158), or the gastric glands (159, 160). Surprisingly,
apical membranes of the gastric glands even have a low permeability to CO5 (160)
— a finding that seems to contradict Overton’s rule. Such unusual permeation char-
acteristics may be necessary to protect the cell from the inhospitable environment

of the stomach.

The issue of gas permeation through aquaporins has been a matter debate since it
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has been reported that AQP1 enhances the COq permeability of Xenopus oocytes (59).
In tobacco, the expression of NtAQP1 (a close homolog to human AQP1) was found
to enhance CO, transport inside the plant and to correlate with leaf growth (70).
Other studies doubt a physiological role of COy permeation through AQPs (71,
161). To dissolve the controversy on COs permeation through AQP1 we studied
the process using MD simulation as described in detail in the next section. Fol-
lowing the discussion on COy permeation though AQP1, it has more recently been
reported that the permeation of Oy and NO across membranes correlate with inhi-
bition of AQP1 (74, 75). These findings, however, remain to be verified by other re-
search groups. NHj has been found to permeate various aquaglyceroporins (60, 61).
Likewise to COs, a physiological role of AQP mediated NH3 transport in mammals
has been questioned (162).

3.1. Does CO, permeate through Aquaporin-1?

3.1.1. Motivation

It has been a long standing and controversially discussed question whether COq
transport across biological membranes may be facilitated by aquaporins, or whether
COy can freely permeate lipid bilayer membranes. The role of AQP1 for CO,
permeation in mammalian lungs and red blood cells, for example, remains un-
clear (59, 65, 68, 69, 71, 161, 163, 164). Part of the controversy is apparently due
to the fact that (a) CO5 permeation is usually measured indirectly, via acidification
through the action of carbonic anhydrase (CA), (b) that depending on the pH and
on the concentration of CA the CO5 permeation is limited by unstirred water layers
on both sides of the membrane (165), (c) that in erythrocytes this acidification is
additionally influenced by the action of the HCO3-Cl~ transporter, and that (d)
inhibitors like 4,4’-diisothiocyanato-stilbene-2,2’-disulfonic acid (DIDS) and mercu-
rial compounds may not be specific for the HCO3 -Cl~ transporter and aquaporin-1,
respectively (65, 69, 161, 163). Moreover, there is a large variability in the CO,
permeability of different membranes (69, 161, 165, 166).

Another process for which aquaporin-mediated CO, permeation has been sug-
gested to play a physiological role is photosynthesis. In a recent study it was shown
that the leaf growth of tobacco plants was dependent on the level of NtAQP1 ex-

pression, an aquaporin homologous to human AQP1 (70).
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Here, we study the barrier for COy permeation through aquaporin-1 as well
as through a pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
bilayer, using extensive atomistic molecular dynamics simulations. We address
the question whether CO, is likely to permeate through aquaporin-1 and close
homologues like the plant aquaporin NtAQP1 by comparing the free energy for
COy permeation through aquaporin-1 to the corresponding profiles for a model
lipid bilayer membrane. Moreover, we present present profiles for CO interactions

along possible permeation pathways and estimate permeation coefficients.

3.1.2. Methods

An equilibrated simulation box of a tetramer of human aquaporin-1 embedded in
a solvated lipid bilayer was chosen as starting configuration of the simulations.
The starting structure of human aquaporin-1 was modeled based on the x-ray
structure of bovine AQP1 (PDB code 1J4N (15)) by mutating differing residues
using the WHAT IF modeling software (167). The two sequences are 91% sequence
identical, making a structural overlay straightforward. The periodic simulation box
contained the aquaporin-1 tetramer, 271 POPE lipids and 19769 TIP4P (168) water
molecules. The OPLS all-atom force field (98, 99) was employed for the protein,
lipid parameters were taken from Berger et al. (169). Four chloride ions were added
to neutralize the simulation cell. The system was equilibrated for 2 ns prior to the
production simulations. A typical simulation box is shown in fig. 3.1a.

All simulations were carried out using the gromacs simulation software (106, 170).
Electrostatic interactions were calculated with the particle-mesh Ewald method (114,
115). Short-range repulsive and attractive dispersion interactions were described
together by a Lennard-Jones potential, which was cut off at 1.0nm. The Settle (110)
algorithm was used to constrain bond lengths and angles of water molecules, and
lincs (109) was used to constrain all other bond lengths, allowing a time step of
2fs. The simulation temperature was kept constant by weakly (7=0.1ps) coupling
the protein, lipids, and solvent separately to a temperature bath (116) of 300 K.
Likewise, the pressure was kept constant by weakly coupling the system to a pres-
sure bath of 1bar. The xy (membrane plane) direction was pressure coupled with
a coupling constant 7 of 1 ps, whereas the box length in z direction was kept fixed
to avoid artifacts in the umbrella sampling simulations (see below).

Partial charges for CO, were obtained from electrostatic fitting using the CHELPG
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Figure 3.1.: (a) A typical simulation setup of an AQP1 tetramer, solvated in a POPE bilayer
and water. 5 COy molecules in bulk water are shown in blue and red. (b) In the top view, the
four monomeric water pores and the central cavity can be identified.

procedure to wavefunctions obtained at the RHF /6-31G* level, resulting in a charge
of 0.9378e on the carbon atom and -0.4689% on the oxygen atoms. The Lennard-
Jones parameters o and e for the CO5 carbon were 0.375nm and 0.439kJ/mol,
respectively, and for the CO; oxygen 0.296 nm and 0.877 kJ/mol, respectively. The
CO, parameters were validated by comparison to the oil /water partition coefficient
of CO,. The experimentally determined value of near unity (171) compares favor-
ably to the small free energy difference for CO, between the bulk water phase and
the lipid tail region of the bilayer (cf. fig. 3.4, green curve).

Umbrella simulation setup The CO, simulations were set up as follows: the
AQP1 channel was divided into 0.5 A wide equidistant sections with the center of
each section representing an umbrella center. For each section the equilibrated
trajectory was searched for snapshots with water molecules as close as possible to
the chosen position of the umbrella potential. This water molecule was subsequently
replaced by COs. Umbrella sampling calculations were carried out by applying a
harmonic restraint force along the pore coordinate with force constants between 100
and 6400 kJ/mol/nm?. The umbrella sampling simulations were performed with

CO4 with the restraint acting on the carbon atom, and — for comparison and to
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validate the procedure — with water by restraining the oxygen atom. No restraint

along the lateral directions was applied.

We observed that a possible flexibility of Arg195 has strong impact on the barrier
in the aromatic/arginine (ar/R) constriction region (see results). Since these flex-
ibilities are sampled slowly in the simulations we performed additional umbrella
samplings in the ar/R region with starting positions taken from an independent
equilibrium run. This way, eight independent channels contributed to our profile.
Additionally, the protonation state of His180 opposing the Argl195 might influence
the barrier height. In six out of eight channels simulated the d-nitrogen was pro-
tonated, in two channels the e?-nitrogen. In accordance with a recent finding for

water permeation, no significant influence of the protonation state of His180 on the
CO; barrier was found (172).

To reduce CPU time, and hence improve sampling, CO, molecules were placed
in each pore and, to further improve statistics, at three or four positions along the
channel coordinate within one simulation run. A minimal distance of 25 A between
CO3 molecules along the pore was imposed to ensure that interactions between COs
molecules (if any) are negligibly small. The umbrella sampling histograms from all
monomeric channels were combined to compute a free energy profile using the
weighted histogram analysis method (WHAM) (147). In order to account for the
periodicity of the system, we implemented a cyclic version of the WHAM procedure.
In total, 3912 histograms from 400 ps simulations were obtained (taking only the
last 300 ps for analysis and using the first 100 ps for equilibration), extracted from

a total of 334 ns of simulation time of the aquaporin system.

To account for fluctuations of each of the channels within the tetramer, the
umbrella histogram positions were corrected with respect to the center of the cor-
responding monomer. As a robust measure for the monomer position we chose the

center of mass of the backbone atoms of the transmembrane helices.

Additionally, CO5 molecules were placed along the central channel surrounding
the tetrameric axis (see fig. 3.1a and 3.1b). Umbrella positions were chosen as
before, either by replacing a water molecule, or by adding it to the structure in
case of an empty position. For the central pore along the tetrameric axis, 888

histograms were obtained.

Umbrella simulations to obtain a free energy profile for water along the AQP1

pore were performed the same way, except that water molecules close to the desired
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minimum of the artificial potential were not replaced but were directly restrained.
Like for CO,, the individual umbrella simulations were carried out for 400 ps. In
total, 3092 histograms were obtained. Force constants were chosen between 100
and 1600 kJ/mol/nm?.

Umbrella simulations for the lipid bilayer were performed by inserting COq
molecules at various positions into random snapshots of a 20 ns equilibration run
of a bilayer patch of 128 POPE and 4777 TIP4P water molecules. Up to 12 CO,
molecules were inserted into one simulation keeping a minimum distance of 25 A
in the lateral direction and 30 A perpendicular to the bilayer. A total of 3200 his-
tograms were extracted from 260 simulations of 500 ps each, using the last 300 ps
for analysis and the first 200 ps for equilibration. Force constants between 100 and
800 kJ/mol/nm? were used.

Enthalpic interactions Profiles for enthalpic interactions of CO, (fig. 3.5) were
calculated as the sum of short-range Coulomb interactions (< 1 nm) and Lennard-
Jones interactions. Note that these do not correspond to the total enthalpy for
a given COy position since they only include interactions directly involving COs.
CO; induced alterations in the surroundings (like protein-water interactions) are
not included in this component of the enthalpy. The profiles do, however, give more

insight into the origin of the free energy barriers.

Permeability estimations Permeability coefficients Py for the POPE membrane
were estimated by counting barrier crossings in simulations where COs molecules
were allowed to diffuse freely through a POPE bilayer (see below). After equili-
bration, we observed 3.4 barrier crossings per barrier, direction and nanosecond.
The permeability coefficient for one barrier of AGFOPF = 4kJ /mol was calculated
by P}l) = ®/(Sc,) where ® = 3.4/ns denotes the transition rate, S = 30nm? our
membrane surface and ¢; = 0.52M the CO, concentration, giving P}l) = 23 cm/s.
Since half of the COy molecules crossing the first barrier will return and not per-
meate through the bilayer this refers to an estimated permeability coefficient for
POPE of PfOPE = 12cm/s.

Using the permeability coefficient for a single POPE barrier we estimated the
coefficients for the water pore and the central cavity via Py’ = P}l) exp(—(AG" —
AGPOPEY /ET). Here, AG" denotes the barrier of the water pore or the central

cavity, T" the temperature and k the Boltzmann constant. In terms of rate theory,
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this estimate assumes the same prefactor for CO, permeation across a single POPE
barrier as through a channel. Additionally, it rest on the assumption that the
permeation rate is limited solely by the main barrier along the reactive coordinate.
Along the central cavity two barriers of the same height are present, giving rise
to an additional factor of 1/2. Unit permeability coefficients were calculated by
Df = PrSmono since the free energy barriers were normalized to an area of one AQP
monomer. We estimated the area of one monomer as Smono = 10.3nm?. Note
that the area per monomer in vivo can be expected to be lower than the area per

monomer in AQP1 crystals (11.5nm?) (28).

Error analysis Statistical errors of the free energy profiles were estimated using
bootstrap analysis. In order to account properly for limited long time sampling we
performed bootstrap analysis by considering complete histograms as independent
data points: From the N original histograms we randomly selected N histograms
(allowing duplication) which were subsequently used for WHAM analysis. This
procedure was performed 50 times for each profile allowing the calculation of stan-
dard deviations. The standard deviations at the main barriers were found to be
approx. 1kJ/mol for the monomeric channel, 2 kJ/mol for the central cavity, and
1 kJ/mol for the POPE membrane.

The barrier at the ar/R region in the monomeric channel is influenced strongly
by the flexibility of Argl95 which is is sampled slowly (see above). Therefore, we
calculated the barrier for each of the eight simulated channels separately. Consider-
ing these eight barriers as independent data points gave an additional uncertainty
of 3 kJ/mol.

Bulk water correction Umbrella simulations such as presented here, with a mol-
ecule restrained to a certain z position, i.e., to an z-y-plane parallel to the bilayer,
will not sample all possible z-y positions in the simulated time window, especially
within the bulk water region. This leads to an overestimation of the free energy
level in the bulk region. The correction for this entropic effect is straightforward,
as the effect is related to the sampled area (and hence, the simulation time). We
therefore took advantage of the fact that in AQP1 the relative free energy for water
can be obtained not only by umbrella simulations but also from the water number
density distribution via G(z) = —kT In p(z). The bulk free energy level for water

can be easily and accurately determined from such a profile. A 14ns equilibrium
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MD simulation was used for this purpose.

The bulk level was normalized to the area of an AQP1 monomer, estimated as
approximately Ao = 10.3nm?, to allow direct comparison to the lipid membrane
profile, which is independent of the area. The two profiles derived from the umbrella
sampling simulations and from the water density distribution were found to be
rather similar (fig. 3.2), rendering an overlay of the two profiles straightforward.
The resulting bulk level correction for the umbrella sampling simulations of water
of AGPUK = 3.2kJ/mol was found to be relatively small. The correction is already
incorporated in Fig. 3.2 as a linear trapezial correction to the umbrella profile in
the pore entrance and exit region.

The bulk correction depends on the sampled area within the simulation which is
approximately proportional to the diffusion constant of the solute. From simula-
tions of a box of pure TIP4P water and of 20 CO, molecules solvated in 4084 TIP4P
water molecules we calculated the diffusion constants of water and CO, in the sim-
ulations to Dy, = 3.6 x 10~°cm?/s and Dco, = 2.7 x 10~°cm? /s, respectively, giving
a bulk correction for CO, of AGEES = AGY™  + kT In(Dy,/Dco,) = 3.9kJ/mol.

3.1.3. Results and Discussion

Figure 3.4 shows the free energy profile obtained as a potential of mean force from
a set of umbrella sampling simulations for three potential pathways for COy per-
meation through aquaporin-1 embedded in a lipid bilayer: the pathway through
an aquaporin water pore (black, solid line), the central channel (black, dashed
line), and through the POPE membrane (grey). In the monomeric water chan-
nel CO, molecules encounter a major barrier of approx. 23 £+ 4kJ/mol in the aro-

matic/arginine (ar/R) constriction region (also termed selectivity filter, see fig. 3.3)

40



-
“ = - ]
#Ncentral cavity

Figure 3.3.: A snapshot taken from an equilibrium simulation of aquaporin-1 showing the wa-
ter pore (left, helices and ribbon representation) filled by a single file of water. Several water-
interacting residues are displayed in ball-and-stick representation. The aromatic/arginine (ar/R)
constriction region forms the narrowest part of the pore. The two highly conserved Asn-Pro-Ala
(NPA) motifs are located at the center of the channel. The central cavity along the fourfold axis
of the tetramer is shown in surface representation (right). The surface representation is colored
according to residue hydrophobicity: hydrophobic residues in orange, hydrophilic residues in blue.

and a lower one of about 9 £ 1kJ/mol around the region with the two conserved
NPA motifs. The corresponding enthalpic interactions of CO, to water and to the
protein, respectively, are shown in figure 3.5b. As can be seen, there is no signifi-
cant loss of interactions involving CO, in the ar/R region, rendering the free energy
barrier either entropic in nature, or, more likely, due to indirect enthalpic effects
like an unfavorable configuration of surrounding water molecules. This is illustrated
in fig. 3.6 which shows a typical pathway of COs through the monomeric AQP1
channel, as derived from the umbrella sampling simulations. As can be seen, water
molecules form strong hydrogen bonds to Argl95 in the ar/R region, which are
broken upon CO, passage. Fig. 3.5a shows 115 pathways for COy molecules that
were not restrained by an umbrella potential. The trajectories show that the COq
molecules behave as expected from the potential of mean force, not spontaneously

passing the ar/R constriction region within the simulated time of 500 ps.
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The barrier in the ar/R is strongly influenced by the flexibility of Argl95. In
the crystal structure, its guanidinium group points straight into the pore creating
the narrowest part of the channel. Two water molecules forming H-bonds to the e-
and n'-nytrogens are displaced by a permeating CO, molecule (compare fig. 3.6,
224 and 3™ picture from bottom). In this configuration, the barrier is likely to be
higher than 23 kJ/mol. However, during simulation we observed some flexibility
of Argl95 probably caused by flexibility in Loop C. Argl95 is stabilized sterically
by the neighboring Asnl127 and by a frequent H-bond to the carbonyl oxygen of
Gly125 (see fig. 3.3). In such cases, no breakage of H-bonds between water and
Argl195 is necessary lowering the barrier for CO, passage significantly. The effect of
the flexibility of Arg195 on the COs barrier is reflected by the reported uncertainty
of 4kJ/mol.

As described in the methods section we roughly estimated the unit permeability
coefficient for COy permeation through AQP1 py = 1 x 107 ¢cm?/s. The error
of 4kJ/mol in the main barrier corresponds to factor of 5 in the permeabilities,
i.e. arange of 2 x 1071% to 5 x 107!, The unit permeability coefficient for water
permeation through a 2D AQP1 crystal is p}*** = 5.43 x 10~ cm?®/s (28), thus,
the resistance of AQP1 to COs is between one and two orders of magnitude higher
in comparison to water. This result can also be expected by comparison of the

corresponding free energy barriers of 12 and 23 kJ/mol, respectively.
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Figure 3.5: Trajectories of unrestrained COq
molecules in the monomeric AQPI1 channel (a), and
profiles of enthalpic interactions of CO,; with water
(green), protein or POPE, respectively (blue), and
total (red) together with the free energy profiles of
(cf. Fig. 3.4, black) for the monomeric channel (b),
the central channel around the tetramer axis (c), and
through the POPE bilayer (d). The enthalpic profiles
only show interactions involving COy and do not con-
tain interactions within the COy’s surroundings.
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Figure 3.6: A COs at various po-
sitions along the water channel indi-
cating a possible pathway for COq
along the NPA motifs and through the
aromatic/arginine constriction region.
The COy molecule is colored in red
and marine blue. On top of the se-
quence the corresponding free energy
is plotted, indicating the 23kJ/mol
barrier putatively caused by competi-
tion for hydrogen bonds with Argl95.
Note that frequent hydrogen bonds
between water molecules and Argl95
break upon CO, passage.
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The single channel permeability estimated from our results can be compared with
the results from Nakhoul et al. (59), Prasad et al. (164), and Yang et al. (71) from
experiments with oocytes, erythrocytes, and proteoliposomes containing AQP1. As
discussed by Yang et al. (71), the results reported by Nakhoul et al. (59) refer to a
single channel CO, permeability of 1-2 x 10714 cm? /s whereas the results reported
by Prasad et al. (164) give ~ 5 x 107 cm®/s. Yang et al. (71) did not observe
AQP1 mediated CO, permeation and reported an upper limit of 3 x 10716 cm3/s.
Therefore, our estimate of ~ 1 x 1075 cm3/s most closely matches the result by

Prasad et al. and the upper limit by Yang et al.

A second possible pathway through AQP1 would be the central pore along the
fourfold axis of the tetramer. Due to its hydrophobicity the central pore is neither
filled by water nor does it conduct water (see fig. 3.3). Two major barriers for CO,
permeation can be identified: First, a barrier of about 12 +2kJ/mol at z = 7.5A
is located near the extracellular entrance to the central cavity, surrounded by the 4
Val50 of the 4 monomers. In this region CO5 molecules lose favorable interactions
to neighboring water molecules (compare figure 3.5¢, green and red lines). A second
barrier of the same height is found around 7 A above the first one. Here, the CO,
is surrounded by the 4 Asp48, and hence, it is likely that CO5 competes with water
for hydrogen bonds to Asp48. The barrier translates into a permeability coefficient
of Py =0.1cm/s for the central cavity, referring to the area of an AQP1 tetramer,

or a unit permeability coefficient of p; = 4 x 10~ cm?/s.

The free energy barrier for CO, permeation through the central cavity is signif-
icantly smaller than for the monomeric channel. When taking into account that
each tetramer contributes four monomeric channels and one central pore, these bar-
riers would imply that approx. 10% of AQP1-permeated CO, would be expected
to permeate via the monomeric channels. Note, however, that in these calculations
we have assumed an empty central channel. Should an ion or organic molecule
be bound in the central cavity under physiological conditions (like in the recently
resolved structure of an aquaporin-Z tetramer (173)), this would be expected to
drastically increase the barrier for CO, permeation through the central pore. Ex-
periments with mercurial AQP1 blockers and with the C189S mutant suggest that
AQP1-mediated CO, permeation takes place through the monomeric pore (68, 164),
which would imply that, indeed, the central channel is blocked under the experi-

mental conditions.
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The tobacco aquaporin NtAQP1 was recently reported to facilitate physiologi-
cally relevant COy permeation (70). The pore region of NtAQP1 is highly similar
to human AQP1, with the residues surrounding the major barriers in the NPA and
ar/R region fully conserved among the two proteins (70). Our results suggest that —
if the central channel is blocked — aquaporin-mediated CO, permeation is expected
to play a significant role in photosynthesis only if the plant cell membranes have
a low intrinsic COy permeability, with an activation barrier well above 20kJ/mol.
However, since the structure of the central pore of NtAQP1 is unknown, we cannot

exclude that permeation via the central pore lowers the effective barrier.

Membrane permeability

In order to address the physiological significance of CO5 permeation through aqua-
porin-1, we calculated the free energy barrier for CO5 permeation through a lipid bi-
layer membrane composed of pure POPE (Fig. 3.5d). Two barriers, one per leaflet,
of about 4kJ/mol were observed at the intersection between the polar headgroups
and the aliphatic chains of the lipids, indicating that the POPE membrane is highly
permeable to CO,. As can be seen from Fig. 3.5d, the free energy barrier coincides
with an enthalpy minimum, rendering the free energy barrier either entropic or due
to indirect, water mediated enthalpic effects. A set of simulations in which CO5 was
allowed to diffuse freely corroborated the small barrier for CO, permeation across
the POPE membrane. In 8 simulations of 11ns each, 112 barrier crossing were
observed in total for the 92 CO5 molecules that were simulated. Inside the mem-
brane, the COy molecules diffused rapidly, i.e. the energetic barriers near the lipid
headgroups limit the permeation through the bilayer. The permeability constant
calculated from these simulations is Pf"" =12 cm/s.

This value is about eight times higher than the COy permeability for artifi-
cial membranes reported by Prasad et al. (164). The discrepancy could be due
to (a) limitations of the force field used in the simulation, (b) the different lipid
composition and (c) remaining unstirred layer effects in experiments even at high
concentrations of HCO3; and carbonic anhydrase (CA). Given a membrane with
intrinsic permeability P]{” , surrounded by two unstirred layers of thickness d each,
the total permeability Pj°* obeys (P}**)~! = (P}*)~" + (D/2d)~". D denotes the
diffusion constant of COs in water, D/d can be considered as a permeability of a

single unstirred layer. Outside the unstirred layers the CO5 concentration is con-
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sidered constant due to some buffer. Using this relation, a diffusion constant of
2 x 107° cm?/s, two unstirred layers of thickness 60 nm each and an intrinsic mem-
brane permeability of 12cm/s yield a total permeability of approx. 1.5cm/s, i.e.
approximately the value reported by Prasad et al. for artificial membranes. The
CA concentration of 0.5 mg/ml used by Prasad et al. refers to one CA enzyme per
(45nm)3. Therefore, if CA is not bound to the membrane, the assumption that
COs needs to diffuse through a water layer of 60 nm before entering the membrane
is within a realistic order of magnitude. This analysis implies that in experiments,
COs permeation through membranes with high intrinsic permeability like POPE
might be limited by the diffusion of CO5 from CA to the membrane and from the
membrane to CA inside the liposome, even at high pH (or high HCOj3 concen-
tration) and high CA concentration. Therefore, intrinsic membrane permeabilities

might be underestimated by experiments under such conditions.

3.1.4. Conclusions

Taken together, these results suggest that COs permeation through AQP1 can
be expected to play a physiological role only in membranes with a low intrinsic
CO4 permeability, such as membranes of cells exposed to an inhospitable environ-
ment (69, 166). Membranes with similar physicochemical characteristics to POPE
are highly permeable to CO,, rendering a physiological role for AQP1-mediated
COs permeation in such membranes unlikely. The role of aquaporin-1 mediated
CO4 permeation in red blood cells, mammalian lungs and other tissues therefore
depends on the intrinsic CO4 permeability of the surrounding membrane. Only for
membranes with an activation barrier well above 20kJ/mol or an empty central
channel can AQP1-mediated COy permeation be expected to play a major role,
if a high enough expression level is provided. An interesting test of this hypothe-
sis would be an evaluation of the COy permeability of vesicles with different lipid
composition and different levels of embedded AQP1.

3.2. O, permeation through Aquaporin-1

Likewise to COs, molecular oxygen permeates across the membranes of the pul-
monary alveoli and the red blood cells. These membranes are known to exhibit a

high density of AQP1 which lead to speculations that Os permeation across the
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membranes may be facilitated (in part) by AQP1 (75). The speculations have been
supported by experiments on lipid monolayers which suggested that O, permeabil-
ity of membranes might be lower than previously thought (174). However, several
studies using spin labeling techniques reported very high Oy permeability for bi-
ological membranes including thylakoid membranes of spinach chloroplasts (175),
bilayers made of calf lens lipids (176), and bilayers composed of POPE/Cholesterol
mixtures (177). Such experiments render a physiological role of AQP1-mediated
Os permeation unlikely.

To resolve the contradiction we have computed PMFs for O, permeating through
a tetramer of hAQP1 embedded in a lipid bilayer of pure POPE. The PMFs have
been derived as described in section 4.2 and are being compared in fig. 3.7. The

PMFs have been calculated for four possible pathways across the bilayer:

(i) along AQP1 water pore (red),

300 — water poré
—— central cavity

between monomers
—— POPE membrane

20

G(z) / kd/mol

\?)j

_10 | | ~ | | | |

-30 -20 -10 0 10 20 30 40
z/ A

Figure 3.7.: Free energy profiles for four putative pathways for Oy permeating through an
aquaporin-1 tetramer embedded in a POPE bilayer: for the AQP water pore (red), the central
cavity (blue), a cavity located between the AQP monomers, and for the pathway across the lipid
bilayer (green). The inset shows the AQP1 tetramer embedded in the POPE membrane. The
pathways are indicated by circles which are colored according the the curves.
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(ii) the tetrameric central cavity (blue),

(iii) a cavity located between the AQP monomers (orange) which has recently

been proposed as a possible Oy pathway (178), and
(iv) through the POPE bilayer (green).

In the inset of fig. 3.7 the four pathways are indicated by circles which are colored
according to the curve in the figure.

The maximum barriers along the central cavity (17 kJ/mol) and along the cav-
ity between the monomers (13.5kJ/mol) are substantially lower than the barrier
in the ar/R region of the water pore (27.5kJ/mol). The POPE bilayer with a
maximum barrier of only ~6kJ/mol is highly permeable to O, in agreement with
references (175, 176, 177). Hence, none of the hAQP1 cavities contributes signifi-
cantly to Oy flux if hAQP1 is embedded in a membrane with similar characteristics
to POPE. Only when hAQP1 is embedded in a membrane with low intrinsic per-
meability for small apolar molecules, and given that the central cavity or the cavity
between the monomers are not blocked by an ion or an organic molecule, the cav-
ities could contribute to Oy permeation across the membrane. From the present

data however, a role of hAQP1 as a physiological Oy channel seems unlikely.
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4. The selectivity mechanism of

aquaporins and aquaglyceroporins

4.1. Introduction

The elucidation of the structure of aquaporins (15, 179) and aquaglyceroporins (13)
gave the first insights into their selectivity mechanisms and formed the basis for the
analysis of dynamics and energetics of water and glycerol conduction (30, 38, 134).
Numerous experiments revealed diverse permeation characteristics of aquaporins.
Some aquaglyceroporins are permeable to both glycerol and urea or even arsen-
ite (6). Others such as the glycerol facilitator GIpF are permeable for various
polyols but hardly for urea (79). The permeability with respect to water differs
significantly within the aquaporin family, AQP6 can act as an anion channel (8),
and some AQPs were reported to be permeated by ammonia (60). COg permeation
through AQPs has been a matter of debate since AQP1 was observed to enhance
COq flux (59). Recently, permeation of Oy and NO across membranes has been
reported to correlate with inhibition of AQP1 (74, 75).

Two main constriction sites have been identified in the aquaporin channels (13,
15, 179). In the center of the pore, two conserved Asn-Pro-Ala motifs (NPA,
compare fig. 4.1) with their two asparagine side chains pointing into the pore are
located at the end of two half helices. The dipoles of the half helices generate
an electrostatic barrier in the NPA region, which is, together with desolvation
effects, essential for proton exclusion (41, 43, 46, 180). Close to the extracellular
exit of the channel, the aromatic/arginine (ar/R) constriction region forms the
narrowest part of the pore and is therefore generally assumed to be important for
the channel selectivity, an interpretation that has been supported by theoretical
studies (181, 182) and mutation experiments (183). The residues in the ar/R

region differ in the aquaporin family rendering the constriction site diverse in size
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Figure 4.1: A snapshot of an MD simu-
lation showing a single file of water inside
the pore of the bacterial glycerol facilitator
GIpF. Some water-interacting residues are
shown in stick representation.

and hydrophobicity. The highly conserved arginine together with the histidine in
water-specific aquaporins were considered to be essential for the isolation of water
molecules from their solvation shell in the bulk (15). This interpretation has been

questioned by recent experiments on oocyte permeability (183).

However, a unifying picture that explains the diverse permeation properties of
both aquaporins and aquaglyceroporins has not evolved. Therefore, we applied
molecular dynamics simulations to determine permeation barriers of a wide range
of solutes permeating through human AQP1 (hAQP1) and GIpF as typical mem-
bers of the two AQP subfamilies. Potentials of mean force (PMFs) for Oy, CO.,
NHj, glycerol, urea, and water were derived using the technique of umbrella sam-
pling simulations. Since these solutes differ strongly in hydrophobicity and size,
the permeation barriers allow to derive a unifying picture of the selectivity of aqua-
porins and aquaglyceroporins. The physiological relevance of permeation through
aquaporins is investigated by comparing the pathway through the aquaporin pores
with the pathway across two distinct model membranes. This approach also allows
to rationalize permeation experiments on aquaporins and aquaglyceroporins em-
bedded in oocyte membranes or liposomes. The direct evaluation of interactions
that govern the selectivity allows to identify the molecular determinants of selec-
tivity. The results reveal a comprehensive mechanism underlying the permeation

characteristics of aquaporins and aquaglyceroporins.
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Figure 4.2.: Simulation box of a GIpF tetramer solvated in a membrane of POPE and water in
side view (left) and top view (right). The membrane is shown as grey sticks and spheres, water
as transparent red and white sticks. Glycerol molecules (displayed in sphere representation) are
placed along the channel axes as starting configurations for umbrella sampling simulations.

4.2. Methods

4.2.1. Simulation setup

The simulation boxes of hAQP1 or GIpF contained the protein tetramer, 271 POPE
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) lipids and 19769 (18443
for GIpF) TIP4P (168) water molecules. The GIpF structure was taken from the
protein data bank (PDB code 1FX8 (13)). The starting structure of hAQP1 was
modeled based on the x-ray structure of bovine AQP1 (PDB code 1J4N (15)) by
mutating differing residues using the WHAT IF modeling software (167). Crys-
tal water molecules were kept in the structures and chloride ions were added to
neutralize the simulation systems. The OPLS all-atom force field (98, 99) was em-
ployed for the protein, lipid parameters were taken from Berger et al. (169). All
simulations were equilibrated for 2 ns prior to production. A typical simulation box

is shown in figure 4.2B.

The simulations were carried out using the GROMACS simulation software (106,
170). Electrostatic interactions were calculated every step with the particle-mesh
Ewald method (114, 115). Short-range repulsive and attractive dispersion inter-
actions were described together by a Lennard-Jones potential, which was cut off

at 1.0nm. The Settle (110) algorithm was used to constrain bond lengths and
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4. The selectivity mechanism of aquaporins and aquaglyceroporins

angles of water molecules, and Lincs (109) was used to constrain all other bond
lengths, allowing a time step of 2fs. The simulation temperature was kept con-
stant by weakly (7=0.1ps) coupling the protein, lipids, and solvent separately to
a temperature bath (116) of 300 K. Likewise, the pressure was kept constant by
weakly coupling the system to a pressure bath of 1 bar with a coupling constant 7
of 1 ps. During umbrella sampling simulations only, the box length in z direction

(perpendicular to the membrane) was kept fixed.

The starting frames for the umbrella simulations were taken each from 20ns
equilibrium simulations of hAQP1 and GlpF. The aquaporin channels were divided
into 0.25 A wide equidistant sections parallel to the membrane with the center of
each section representing an umbrella center. Subsequently, the solute was placed
into the channel at the umbrella center. Water molecules that overlapped with
the solute were removed. To enhance sampling, two to four solute molecules were
placed in each pore at different positions. A distance between the solutes along the
pore of at least 25 A for water, ammonia, COy and O,, and 30 A for glycerol and
urea was imposed to ensure that interactions between the solute molecules (if any)
are negligibly small. During the subsequent energy minimization of the structure
the protein RMSD was observed to make sure that the insertion of a larger solute

into the pore did not lead to an unphysical widening of the pore.

Umbrella sampling calculations were carried out by applying a harmonic re-
straint force along the pore coordinate with force constants between 400 and 4000
kJ/mol/nm?. In ammonia the nitrogen atom was restrained, in water the oxygen,
in COg, urea and glycerol the central carbon, and in Oy a dummy atom centered be-
tween the two oxygen atoms. Additionally, the solutes were restrained to a cylinder
of radius r, = 5 A whose axis was centered along the pore by applying an additional
harmonic force F(r) = —k.(r — r.) H(r — r.) pointing towards the cylinder axis.
Here, r denotes the distance from the cylinder axis, k. = 400 kJ/mol/nm? the force
constant, and H the Heaviside step function. The umbrella simulations of Oy, COs,
NHj; and water were carried out for 400 ps, the simulations of urea and glycerol for

600 ps and 1 ns, respectively.

Umbrella simulations for the lipid bilayers were performed by inserting the solute
molecules at various positions into random snapshots taken from a 20ns equilib-
rium run of a bilayer patch. The POPE and the POPC (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine) patch contained 128 lipid molecules each and 4777 or
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5788 TIP4P water molecules, respectively. Up to 12 solute molecules were inserted
into one simulation keeping a minimum distance of 25 A to each other parallel and
perpendicular to the bilayer. After energy minimization the simulations ran for at
least 500 ps.

Ammonia parameters were taken from ref. (99), urea parameters from refs.
(184, 185). Lennard-Jones parameters for Oy were taken from the CHARM22
force field (104). The Oz quadrupole was calculated from wavefunctions obtained
at the MP2/6-311G* level to @,, = —0.82 DA and modeled by a positively charged
dummy atom centered between two negatively charged oxygen atoms. COs param-
eters were taken from ref. (181) and Glycerol was modeled from OPLS atom types

for alcohols.

4.2.2. Construction of PMFs

After removing the first 100 ps for equilibration, umbrella histograms were extracted
from the z-coordinate of the restrained atom. Subsequently, the umbrella positions
were corrected with respect to the center of mass of the two NPA motifs of the
corresponding channel. This procedure avoids a possible unphysical flattening of
the PMF due to fluctuations of the monomers within the tetramer. It was ensured
that all positions along the channel were well sampled. In case of poor sampling at
maxima in the PMF additional umbrella simulations with higher force constants
were performed. In total, 34432 histograms were collected from 1.6 us of simulation
of the aquaporin systems. The PMFs for permeation through the lipid bilayer were
constructed from a total of 15232 histograms that were extracted from 695ns of
simulation.

The construction of the PMFs illustrated in fig. 4.3. Combining the histograms
of the four channels into an effective PMF turned out to be non-trivial. Side chains
along the pore can adopt different conformations corresponding to a partial or even
complete closure of the channel. In particular, the conserved Argl95 in hAQP1
can adopt several conformations, which has also been observed in the AQP-Z crys-
tal structure (173). Such conformations are present in the starting structures of
the umbrella runs. Opening and closure transitions are, however, not well sam-
pled within an umbrella window of several hundred picoseconds. In such cases
the weighted histogram analysis method (WHAM) (147) tends to overestimate the

barrier when histograms from different channels are combined into a single WHAM
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procedure. To alleviate this problem, the PMF was calculated for each monomer
separately using the WHAM procedure. The four channels were considered as
independent pathways. Therefore, the effective PMF G.g(z) was calculated via
exp(—Ge(2) /kpT) = 471 Z§:1 exp(—Gj(z)/kgT). Here, T denotes the tempera-
ture and kg the Boltzmann constant.

Prior to combining the four profiles into Geg(z), the single channel PMFs were
corrected for a possible free energy offset between the two bulk water regions. The
offset was distributed between adjacent bins proportional to 1/(n;n;41)*, where n;
and n;y; are the number data points in the adjacent bins ¢ and ¢ + 1 as collected
from all histograms of the channel. A reasonable value was found to be v = 2 as it
yields a PMF referring to an integration of the mean force from the two bulk water
regions to the point(s) of lower sampling inside the pore, typically the barrier at

the conserved arginine. The exact choice of o was was found to have only minor
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Figure 4.4.: Example for the determination of the statistical uncertainty for potentials of mean
force (PMF) using bootstrap analysis (here, for CO, permeating through GIpF). In order to
account properly for limited long time sampling bootstrap analysis was performed by considering
only complete histograms as independent data points, yielding a rather conservative estimation for
the uncertainty. First, bootstrap analysis was performed for each channel separately as displayed
in the four columns. From N histograms available [panel (a)], N histograms were randomly
selected (allowing duplication) and used in a subsequent weighted histogram analysis method
(WHAM). Hence, we considered only complete histograms as independent data points yielding a
rather conservative estimation for the uncertainty. Is was made sure that the N selected histogram
covered the complete z range and that no gaps were generated. Bootstrapping was done 50 times
yielding 50 PMFs for each channel [panel (b)]. The constraint that the PMF equals in the two
bulk water regions was incorporated as described in the methods [panel (c)]. From the 50 PMFs,
the average and standard deviations were calculated denoted by the red lines and orange area in
panel (d). The final PMF was calculated via exp(—Geg(z)/kpT) = 471 Zle exp(—G;i(2)/kpT)
(see methods) allowing to employ error propagation from textbooks to calculate the uncertainty
of the final PMF. It is displayed as an orange area around the final PMF (red line) in fig. (e).
The uncertainty was generally < 2.5kJ/mol.

influence on the main barrier height (<2kJ/mol).

Since the solutes were constricted to a cylinder along the pore the umbrella sim-
ulations yield the free energy profile referring to the cross section of the cylinder
(A.). However, in order to render the profile comparable to the profile for per-

meation through the lipid bilayer (which is independent of the area), it should
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Figure 4.5.: Potentials of mean force for water permeating through human aquaporin-1 (hAQP1,
left) and GIpF (right) as determined from the water density in equilibrium simulations (shaded
lines) and by umbrella sampling calculations (black lines). The two methods agree within
3 kJ/mol.

refer to the membrane area occupied by the aquaporin monomer (A,ono) for which
the profile has to be corrected. The correction of this purely entropic effect reads
AG = kT In(Amono/A.). We estimated Apone to 10.3nm? and 10.7 nm? for hAQP1
and GIpF, respectively. From the cylinder radius r. and the force constant k.,
A, can be estimated to A. = 1.05nm? yielding a correction of 5.7kJ/mol and
5.8kJ/mol for hAQP1 and GIpF, respectively. This correction was incorporated in

the PMFs as a linear trapezial correction in the pore entrance and exit region.

Uncertainty estimation using bootstrap analysis Statistical errors were calcu-
lated using bootstrap analysis. The procedure is illustrated in fig. 4.4 and described
in the figure caption. The uncertainty at the main barriers was <2.5kJ/mol in the

aquaporin channels and <2kJ/mol in the lipid bilayer systems.

Validation To validate the umbrella sampling calculations the PMFs for water
permeating through hAQP1 and GIpF were independently calculated from the wa-
ter density in the equilibrium trajectories. Figure. 4.5 shows the PMFs for hAQP1
and GIpF determined by umbrella sampling and calculated from the water density.
The two methods agree within 3kJ/mol.

Direct interactions Water—protein and solute—protein interactions (fig. 4.10) were
calculated as the sum of Lennard-Jones and short-range coulomb interactions. Only

configurations that contribute to permeation events were taken into account. There-
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fore, snapshots were evaluated only when the distance between Argl95 (Arg206 in
GIpF) and the opposite His180 (Phe200 in GIpF') was not reduced by more than 1 A
compared to the crystal structures (13, 15). The analysis of arginine interactions

was restricted to arginine atoms along the pore.

4.3. Results

4.3.1. Solute permeabilities

Figure 4.6 presents the PMFs for permeation of Oy, CO, NHj, glycerol and urea
permeating through hAQP1 (black curves) and GIpF (red curves). The PMFs G(z)
are shown as a function of the pore coordinate z where z = 0 corresponds to center
of mass of the conserved NPA motifs.

Figure 4.6 shows that the main barrier for each solute permeating through hAQP1
or GIpF is located in the ar/R region demonstrating its role as the selectivity filter
for uncharged solutes. For all solutes, the barrier in GIpF at the ar/R site is lower
than the barrier in hAQP1. Hence, GlpF is more permeable to the solutes and is
less selective than hAQP1. In contrast to the ar/R region, the highly conserved
NPA motifs are not involved in the selectivity for uncharged solutes as they form
only a minor barrier against permeation of the rather apolar O5 and CO5 molecules.
The height of the main barriers are summarized in table 4.1.

To address the physiological relevance of permeation through AQPs the barriers
were compared to barriers against the permeation across the lipid bilayer. Fig-
ure 4.7 shows the PMFs for permeation of urea, glycerol, HoO, NH3, CO5 and O,
through two phospholipid membranes, one composed of pure POPE and the other
of pure POPC. The highest barrier for the apolar Oy and CO5 molecules permeating
through either POPE or POPC is < 6 kJ/mol indicating that these membranes are
highly permeable to small apolar molecules such as Oy and COs (fig. 4.7, green and
yellow curves). The barriers against Oy and COs permeation through hAQP1 and
GlpF are significantly higher than the corresponding membrane barriers. Hence,
these aquaporin channels embedded in membranes similar to POPE or POPC are
not expected to increase Oy or CO4 flux across the membrane.

The barriers against ammonia permeation through POPE (19kJ/mol) or POPC
(15kJ/mol) are considerably higher than the barriers for apolar gas molecules re-

flecting its more hydrophilic nature. Compared to O, or COs, these barriers refer to
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Figure 4.6.: Potentials of mean force G(z) for Oa, CO2, NHj, glycerol and urea (from top to
bottom) permeating through the monomeric water pores of human aquaporin-1 (black curves),
GIpF (red) and the HI180A /R195V mutant of aquaporin-1 (green). z=0 corresponds to the center of
the NPA motifs. The NPA region is highlighted by a blue bar, the aromatic/arginine constriction

region by an orange bar. The red circles correspond to the glycerol positions in the GIpF crystal
structure (13).
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a permeability reduced by a factor of 80-400. Here, we assumed the permeability to
be proportional to exp(—AGyax/kpT) where AG .y denotes the maximum barrier
height. When permeating through hAQP1 and GlpF, ammonia encounters barri-
ers of 18kJ/mol and 12.5kJ/mol, respectively, indicating that hAQP1 is unlikely
to increase NH3 permeation whereas GIpF can significantly enhance the NH3 flux
across the membrane. This observation is in line with an experimental study on
ammonia permeation across the oocyte membrane (60). In that study, no influence
of AQP1 on NHj; flux was measured whereas aquaglyceroporins such as AQP3 and
AQP9 were found to increase NH3 permeation.

Both, glycerol and urea, encounter substantial barriers between 27 and 34 kJ/mol

against permeation through POPE or POPC underlining the need for membrane

Table 4.1.: Summary of free energy barriers AGpayx in kJ/mol

Solute hAQP1 GlpF hAQP1- POPE POPC
HA/RV

(073 27 12.5 8.5 6 4
CO» 22 135 5 4 1.5
NH3 18 12.5 9 19 15
H,O 14* 13.5* 13* 31 27
Glycerol (24) 135 13.5 30 27
Urea 325 29 16 32 34

*Determined from water density. All other barriers from umbrella sampling simulations.
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channels if a substantial glycerol or urea flux is required by the metabolism. As
expected, GIpF is permeated efficiently by glycerol with a maximum barrier of
only 13.5kJ/mol. This value is significantly lower than the activation energy of
30.5kJ/mol reported in a previous MD study (134). Compared to membranes
of pure POPE or POPC, the barrier of 13.5kJ/mol results in an increase in the
permeability by a factor of 750 or 230, respectively, when assuming dense expression
of GIpF. These values compare favorably with the reported increase by a factor of
400 for proteoliposomes reconstituted with GIpF (64). In contrast, urea encounters
a large barrier of 29 kJ /mol against permeation through GIpF confirming that GlpF
is not an efficient urea channel. Solvating GIpF in a membrane of POPE or POPC
is expected to increase the permeability for urea only 3-fold or 7-fold, respectively,
in agreement with only 3-fold increase measured for liposomes (64). As expected,
hAQP1 does not enhance urea flux across the membrane as its ar/R region forms

a barrier against urea permeation well above 30 kJ/mol.

After inserting glycerol into the ar/R region of hAQP1 we observed a widening
of the pore during the energy minimization (EM) of the structure. The widening
was visible from the RMSD drift of the protein atoms during the EM and did not
occur in any other simulation (data not shown). These findings confirm that the
ar/R site of hAQP1 is too narrow to allow passage of glycerol. The unphysical
widening of the pore lead to an underestimation of the barrier of 24kJ/mol for
glycerol permeation through hAQP1 (fig. 4.6, dashed line). The true barrier is
likely to be substantially higher, in line with experiments that did not observe
glycerol permeation through AQP1 (186).

The role of the ar/R region as the selectivity filter for uncharged solutes can
be further investigated by point mutations in the ar/R region. Here, we studied
the effect of the HIS80A/R195V double mutant of hAQP1 (hAQP1-HA/RV) since
H180 and R195 are generally considered as key residues for the selectivity of AQP1.
A recent experimental study investigated permeation properties of several hAQP1
mutants including hAQP1-HA /RV (183). The authors found some of the mutations
to enhance NH3 permeability or even to allow urea or glycerol permeation through
hAQP1. To further rationalize these findings, fig. 4.6 shows the PMFs for Oy, COg,
NHs, glycerol and urea permeating through hAQP1-HA/RV as green curves. For
all solutes, the barrier in the ar/R region is drastically reduced by the mutation

emphasizing the importance of the ar/R residues for channel selectivity. In con-
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Figure 4.8.: PMFs for water permeating through human aquaporin-1 (hAQP1, black curve)
and the hAQP1-HI180A/R195V mutant (green curve). Although the mutation at the ar/R site
renders the region more hydrophobic the mutant shows an even lower maximum barrier than the
hAQP1 wild type. Hence, the mutant is highly permeable to water, in agreement experimental
findings (183). The PMF5s have been computed form the water density in equilibrium simulations.

trast to the wild type, the main barriers are not located in the ar/R region any
more. Oy and CO; can almost freely diffuse through hAQP1-HA/RV. In agreement
with ref. (183), the mutation renders hAQP1 an efficient NH3 channel and allows
passage of urea whereas water permeability is hardly affected (compare fig. 4.8
and table 4.1). In addition, our results indicate that glycerol is likely to permeate
through hAQP1-HA/RV, although ref. (183) reported glycerol permeation through
the hAQP1-F56A /H180A mutant only.

4.3.2. Solute hydrophobicity

Figure 4.9a displays the height of the main barrier for urea, glycerol, H,O, NHj,
COg, and O, against permeation through hAQP1 as a function of solute hydropho-
bicity. The solute hydrophobicity is measured as the logarithm of the hexade-
cane/water partition coefficient log Kyex of the solute at 2908 K. Ko values were
taken from references (149, 150, 151, 152). For the small solutes HoO, NH3, COs,
and Oy the maximum barrier clearly increases with the solute hydrophobicity. The
larger and very hydrophilic glycerol and urea molecules are not excluded by hy-
drophobicity but rather sterically. Hence, the ar/R region of hAQP1 can be con-
sidered as both a hydrophobicity filter and a size filter.

Figure 4.9b shows the corresponding plot for GlpF. The larger and more hy-
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drophobic ar/R region of GIpF is less selective than the ar/R region of hAQP1
forming a significant barrier only against permeation of urea but efficiently allowing
the passage of glycerol. The difference between figs. 4.9A and 4.9B demonstrates
that the differing residues in the ar/R regions of hAQP1 and GIpF account for

highly different permeation characteristics.

For comparison, fig. 4.9c shows the energetic cost AGy,js for moving the solute
from bulk water to the hydrophobic lipid tail region of a POPC membrane. As
expected, the bilayer forms a filter permeated by hydrophobic molecules. The
linear dependence between AGi,;s and log Ky favorably compares to Overton’s
rule stating that the permeability of a membrane with respect to different solutes is
approximately proportional their oil/water partition coefficients. Hence, fig. 4.9C

validates the simulation parameters and protocol.
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Figure 4.10.: Water-protein interaction as selectivity mechanism for aquaporins. Comparison
between human aquaporin-1 (hAQP1I, left panel) and GIpF (right panel). (a) Potentials of mean
force for O2 permeating through the aromatic/arginine regions of hAQP1 and GIpF versus the
position of Os. (b) Interactions between water and the aromatic/arginine (ar/R) residues as a
function of the position of a permeating Os molecule (magenta curves). In AQP1, water-ar/R
interactions are reduced by ~60kJ/mol when a Oy molecule is present in the ar/R region, and
the loss of water-protein interaction cannot be compensated by Os-protein interactions which are
displayed in panel (c). In GIpF, water-ar/R interactions are hardly affected by the Os. The
water-ar/R interaction can be decomposed into interactions between water and single residues
(blue, orange, green and red curves, as denoted in the figure). (d) Number of hydrogen bonds
between water and protein residues versus the position of a permeating Oz molecule. (e) MD
snapshots of the ar/R regions of hAQP1 and GIpF including several water molecules. The residues
are colored according the the curves in (b) and (d). Possible water-protein hydrogen bonds are
denoted by dashed lines. The red arrow indicates the pore coordinate.
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4.3.3. Water—channel interactions as selectivity mechanism

As demonstrated in the previous section, the ar/R region of hAQP1 is a filter
permeated by small polar molecules. A previous MD study showed that the barrier
that COy encounters in the ar/R region is not due to unfavorable COy—protein
interactions (181). Instead, water—Argl95 hydrogen bonds were observed to open
upon CO, passage. Here, we investigate the selectivity mechanism of hAQP1 in
detail. As an example, we consider a permeation event of the apolar Oy molecule
(fig. 4.10). To guide the eye, fig. 4.10A shows the PMFs for O, permeating through
hAQP1 and GlpF, respectively. Figure 4.10B presents the interaction between
water and key residues of the ar/R region versus the position of a Oy molecule
inside the channel. In the left panel, water—protein interactions in hAQP1 are
presented, in the right panel the interactions in GlpF. Likewise, fig. 4.10C displays
the interaction between the Oy molecule and the ar/R residues as a function of O
position and fig. 4.10D the average number of water—protein hydrogen bonds. In
fig. 4.10E, MD snapshots of the ar/R regions of hAQP1 and GIpF are shown in
ball and stick representation. The residues are colored according to the curves in

the graph, and possible water—protein H-bonds are indicated by dashed lines.
The key finding is that upon Oy passage through hAQP1 favorable interactions

between water and the ar/R residues (magenta curve) are reduced by ~60kJ/mol.
The loss of water—protein interaction cannot be compensated by Os—protein in-
teraction since the apolar O, interacts with the ar/R residues in the order of
10kJ/mol only. The reduction in water—protein interaction occurs right at the
barrier in the PMF. Decomposing the ar/R in the single residues (blue, orange,
green, and red curve for Argl95, Phe56, Cys189, and His180, respectively) shows
that the water—protein interaction is mainly affected by reduced interaction to
Argl95 (~35kJ/mol). In addition, interaction to Cys189 and His180 are reduced
by ~15kJ/mol each. In the wider and more hydrophobic ar/R region of GlpF,
water—ar/R interactions are hardly affected by the position of a passing Oz mole-
cule (fig. 4.10B, right panel). Hence, small solutes pass the ar/R region of GlpF
without reducing water—protein interactions. The same trend can be observed in
fig. 4.10D, which presents the average number of water—protein hydrogen bonds as
a function of O, position. Upon O, passage through hAQP1, more than one H-
bond between water and Argl95 is lost (blue line). In addition, the probability for
an H-bond between water and both His180 or Cys189 is significantly reduced (red
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and green lines). In contrast, water—Arg206 H-bonds in GIpF are hardly affected

by a permeating O, molecule.

4.4. Discussion

From the extensive set of MD simulations presented here a detailed understanding
of the selectivity mechanism of aquaporins can be derived. We showed that in
both aquaporins and aquaglyceroporins the ar/R region is the selectivity site for
uncharged solutes. In hAQP1, the narrow and hydrophilic ar/R site forms a filter
permeated by small polar solutes. Upon passage of a solute, favorable interactions
between water and protein (mainly to Argl95, but also to Cys189 and His180) are
reduced and need to be replaced by solute—protein interactions. The more polar
the solute, the stronger it can interact with hydrophilic ar/R residues rendering a
lower energetic cost to replace a water molecule. Larger solutes such as urea or
glycerol are sterically excluded in hAQP1.

The hAQP1-HA/RV double mutant was found to be highly permeable to water
with an even lower barrier against water permeation compared to the hAQP1 wild
type (fig. 4.8). Hence, Argl95 and His180 are not necessary to isolate single water
molecules from the bulk, which is in agreement with experiments that measured
high water flux across the hAQP1-HA/RV mutant (183). We showed that these
residues are, however, important for the selectivity for uncharged solutes since
mutations in the ar/R region have drastic effects on the channel characteristics.
The mutations result in a larger and more hydrophobic pore, thus eliminating
the selectivity mechanism for small polar solutes, which is present in th hAQP1
wild type. Without the selectivity mechanism and due to the larger pore size the
hAQP1-HA/RV mutant is highly permeable to apolar solutes as well as to NHj
and urea.

In aquaglyceroporins the ar/R region is wider than in AQP1 and has a more
hydrophobic pocket opposite to the arginine. In GIpF this environment allows
passage of polyols whose hydroxyl groups can well interact with Arg206 replacing
water—Arg206 H-bonds whereas its apolar backbone matches into the hydrophobic
pocket (13). Our results demonstrate that due to the wider and more hydrophobic
ar/R site, the selectivity mechanism present in AQP1 does not apply in aquaglyc-

eroporins similar to GlpF. Therefore, GlpF-like aquaglyceroporins are efficiently
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4. The selectivity mechanism of aquaporins and aquaglyceroporins

permeated by small solutes such as NHz, CO5 or Os.

We stress that from the permeabilities of the wide range of solutes that were
probed in the present study the permeability of AQP1 and GlpF for other small
solutes may be estimated. The results suggest that small hydrophobic solutes such
as NO, CO, or NyO are unlikely to permeate through AQP1 with barriers well
above 20kJ/mol. In contrast, aquaglyceroporins similar to GIpF are expected to
be well permeable to such solutes.

To address the possible flux of molecules such as COy or NO through AQP1
we suggest permeation experiments on GIpF or the hAQP1-HA/RV mutant. If
permeation occurs along the AQP1 water channels and not through the lipid bilayer
the different ar/R region should drastically increase the permeability. For GlpF, for
example, we would expect an 30-fold increase of the CO, flux compared to hAQP1.

4.5. Conclusions

A simple filter mechanism governs the permeability of AQP1. For small solutes per-
meating through AQP1, a hydrophobic effect leads to a remarkable anti-correlation
between permeability and hydrophobicity. Large solutes are sterically excluded.
Hence, the ar/R region of AQP1 is a filter against both hydrophobicity and size.
This filter mechanism does not apply in GIpF that efficiently permeates all inves-
tigated solutes except for urea. Surprisingly, not solute-pore but water—pore inter-
actions complemented by steric effects emerged as the key determinants underlying
the selectivity mechanism and the barrier height in aquaporins and aquaglycero-

porins.

68



5. Is aquaporin-1 a

voltage-regulated water channel?

Regulation of protein function is important for any living organism. The cell can
adjust the protein function by up- or down-regulating the protein expression, or
by a direct activation or inhibition of proteins which have already been expressed.

Such a direct regulation may be triggered by

e pH, affecting the protonation state of some residues,

e binding or unbinding of a ligand or an ion,

e phosphorylation of one or several protein residues,

e glycosylation of an asparagine, serine, or threonine residue,
e temperature,

e the electrostatic membrane potential which triggers the gating of ion channels,

a mechanism which is crucial for the function of neurons.

Plant aquaporins are known to be regulated by a number of conditions which
possibly include phosphorylation, heteromerization, pH, Ca2* ions, pressure, solute
gradients and temperature (187). For example, the spinach plasma membrane
aquaporin SoPIP2;1 was proposed to be gated by (de)phosphorylation of two serine
residues at the cytoplasmic side the the channel (16, 63, 87, 188).

Here, we investigate the influence of an electrostatic membrane potential on the
water flux of aquaporin-1 (AQP1). We employ extensive MD simulations of AQP1
subject to membrane potentials between —550 and +550 mV. The simulations re-
veal a significant impact of the membrane voltage on channel permeability and

suggest a possible regulatory mechanism.
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5. Is aquaporin-1 a voltage-regulated water channel?

Figure 5.1: Simulation box of two aquaporin-1 tetramers
(cartoon representation) embedded in POPE membranes
(grey) and solvated in water with physiological salt con-
centration. Cations are shown as red and anions as blue
spheres. For clarity, the water is not shown.

5.1. Methods

Simulation setup with a membrane potential A equilibrated simulation box of
hAQP1 was chosen as starting configuration for all simulations. The box was set
up as explained in section 3.1.2. Two copies of the simulation box were stacked
on top of each other, creating a system of two AQP1 tetramers, each solvated in a
membrane of POPE (fig. 5.1). Hence, two separated compartments of water were
generated by the procedure. A physiological salt concentration of sodium chloride
(150mM) was added to the water compartments.

An electrostatic potential across the two membranes AV was generated by adding
few additional cations into the central water compartment and additional anions
into the water compartment at the top and the bottom of the simulation box. To
allow the increase of AV in small steps artificial ions with fractional charges of
+e/2 or +e/4 were added if necessary. Here, e denotes the unit charge. In total, 13
simulation systems were generated with a maximum additional charge in the water
compartments of +3 e, in steps of 0.25e.

After energy minimization each simulation system ran for 20ns, omitting the
first 2 ns for equilibration. All forcefield and simulation parameters were chosen as

explained in section 3.1.2.

Calculation of p; The single-channel water permeability p; is defined via the

net molar water flux ® across a channel in response to an osmotic gradient, & =
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psACs. Here, ACy denotes the difference in concentration of a non-permeating
solute between the two water reservoirs connected by the channel (189). p; was
derived from the simulations as follows. The narrowest part of the pore including
the NPA region and the aromatic/arginine (ar/R) constriction region (compare
fig. 3.3) was split into three sections of thickness 3.8 A, referring to a typical water-
water distance inside the pore. During the simulation, the number of permeation
events across each section was counted and subsequently averaged over the three
sections. In case of the presence of a single-file water column the permeation events
across the sections refer to a displacement of the water column inside the channel
by one water—water distance, or, in case of a broken water file, to water motions
which partially contribute to a permeation event. The number of such water hops
per time (w,,) relates to py via py = Viw,/2 (190, 191). Here, V,, = 18 cm®/mol
denotes the molar volume of water. Statistical errors were estimated by binning
analysis. For this purpose, the trajectories were split into pieces of 3 ns each which
were subsequently analyzed with respect to ps. The py values as collected from the

bins were subsequently used to compute the confidence intervals (compare fig. 5.3).

Membrane potential The electrostatic potential ®(r) is related to the charge
density p(r) via the Poisson equation AP = 4mepe,.p. Here, A denotes the Laplace
operator. In the simulation, the permittivity €, equals unity since the polarization
of the medium is already explicitly included in p(r). Integrating out the z-y degrees
of freedom, i.e. averaging ® and p in the z-y plane leads to the one-dimensional

Poisson equation
0?®(2)
92
Hence, ®(z) can be computed by twice integrating p(z),

= dmegp(2). (5.1)

d(z) :47'('60/ dz'/ dz"p(2"). (5.2)
0 0

5.2. Results and discussion

5.2.1. Single channel water permeability p;

Figure 5.2B displays the electrostatic potential ®(z) across the box as calculated

from the 13 different 20-ns simulations. The additional ions generated membrane
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5. Is aquaporin-1 a voltage-regulated water channel?

Figure 5.2: (A) Simulation box of
two aquaporin-1 tetramers embedded
in membranes and and solvated in wa-
ter at physiological salt concentration
(150mM). To generate an electrostatic
potential across the membranes some
cations were additionally added to the
central water reservoir, and some some
anions were added to the water reser-
voir at the bottom and the top of the
figure (as indicated by the ‘+’ and ‘—’
symbols). (B) Electrostatic potential
®(z) versus the box coordinate z (per-
pendicular to the membranes) as de-
rived from the atom positions during
the 13 simulations. Note the potential
difference between the central water
compartment and the compartment at 0 500 1000
the top and bottom the box. V [mV]

potentials AP between 0 and +550 mV. Hence, the upper AQP tetramer was sub-
jected to membrane potentials between —550 and 0 mV and the lower AQP tetramer

to membrane potentials between 0 and +550 mV.

The single-channel permeability p; as derived from the simulations is plotted in
figure 5.3 as a function of the membrane potential A®. p; shows a clear depen-
dence on A® with a step around ® ~ 0mV. p; values at negative potential (with
the electric field pointing in positive z-direction; upper tetramer in fig. 5.2) are ap-
proximately two times larger than p; values at positive potential (with the electric

field pointing in negative z-direction; lower tetramer in fig. 5.2).

Experimental studies during the last years reported different values for p; of
AQP1, ranging from 1.2 to 11.7 x 107" e¢m?3/s (192). Such experiments are chal-
lenging as the calculation of py requires knowledge on the density of channels in the
membrane. Figure 5.3 shows the experimental py taken from refs. (28, 193, 194,
195, 196, 197). Most experiments agree at least qualitatively with the simulated py
at negative membrane potential. This could be taken as an indication the shift in
ps due the potential may not be located A® ~ 0mV as predicted from the applied
force field, but rather at positive A®.

72



20%c e

D
T
F—o—i
o
——
O
FO
o

P, (10 em’/s]
w

2 O  MD simulation
[0 Verbavatz et al., 1993
| & Walzetal, 1993 % % %A Figure 5.3: Single channel permeability
A Zeidel etal., 1994 % %@ functi £ th b ¢
1 & vanHoeketal,, 1095 s p¢ as a function of the membrane poten-
| + vangetal, 1997 | tial (circles). The experimental py at zero
X Chandy etal, 1997 potential as denoted in the figure legend
Q00 200 200 0 200 400 600 were taken from references (28, 193, 194,

membrane potential AD [mV] 195, 196, 197).

5.2.2. A putative regulatory mechanism
The two states of Argl95

During all simulations of AQP1 the conserved Argl95 turned out to highly flexible
adopting several distinct configurations within its surroundings. In particular, two
states of the dihedral angle around the C,-C; bond were frequently visited. The
two dihedral states, an up and a down state of Argl95, are visualized in figure 5.4.
Figure 5.4A shows the dihedral state of Argl195 that has been found in the crystal
structure of both bovine and human AQP1 (15, 198). Figure 5.4B displays the
second dihedral state which is frequently present during the simulations. Transi-
tions between the up and the down state occurred typically on time scales of few
nanoseconds. It is interesting to consider whether this effect is dependent on the
applied force field. For the present work we mainly applied the OPLS all-atom
force field. However, the two distinct dihedral states were also visited in related
AQP1 simulations that used the GROMOS96 force field and have been reported in
simulations applying the CHARMM?27 force field (199, 200). Additionally, in the
E. coli water channel AQP-Z the two dihedral states of the conserved arginine have
been observed in both the crystal structure (173) and in MD simulations (182).
In the up state of Argl195 the arginine is stabilized by a hydrogen bond between
the n?-nitrogen of the guanidinium group and the backbone carbonyl oxygen of
Argl95 (dashed line in fig. 5.4A). In this state the ar/R region is open and allows
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(A) up * (B) down
Gly125 @

"~ His180

His180

) Argl95

Figure 5.4.: Aromatic arginine (ar/R) site of aquaporin-1 with the conserved Argl95 in the
up state (A) and in the down state (B). The up state is stabilized by a hydrogen bond between
n?-nitrogen of the guanidinium group and the backbone carbonyl oxygen of Argl95 as well as by
a hydrogen bond to the backbone oxygen of Gly125 (dashed line). In the up state a continuous
water file is present the ar/R region allowing a rapid water flux. In the down state the water
column is broken and the permeation of water requires a lever-like motion of the Arg195 side chain
(as indicated by the black arrow), rendering the water flux significantly reduced as compared to
the up state

the formation of a continuous water file, followed by a rapid water flux. We per-
formed a separate hAQP1 simulation in which the stabilizing hydrogen bond was
restrained with an artificial potential. In this simulation, the p; was determined
to 7.3 x107'* ¢cm?/s. This number is in quantitative agreement to a previous MD
simulations using the CHARMMZ27 force field and the TIP3P water model during
which the stabilizing hydrogen bond was also restrained (200).

In the down state of Argl95 the water column is broken (fig. 5.4B). Here, a
permeation event of a water molecule past the Argl195 requires a lever-like motion of
the Argl195 as indicated by the black arrow in fig. 5.4B, which results in a water flux
that is significantly reduced as compared to the up state. In some simulations the
Argl195 even formed an hydrogen bond to the opposing His180 for few nanoseconds,
rendering the channel completely closed and eliminating any water flux through the

ar/R region.

Membrane potential and Argl195 dihedral state populations

Visual inspection of the simulation trajectories showed that the electrostatic mem-
brane potential A® has significant influence on the population of the two Argl95
dihedral states. Although both states were present in all simulations, a negative

A® increased the relative population of the up state as compared to down state,
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which correlates with an increased water flux (fig. 5.3).

In a first step, the shift in the relative population can be understood from the
fact that the transition between the up and the down state is associated to a short
motion of the positively charged guanidinium group in the z-direction (perpendic-
ular to the membrane). In the down state, the guanidinium group is closer to the
cytoplasmic end of the channel (negative z-direction, compare fig. 5.4). Hence, an
electric field pointing in positive z direction favors the up state. In addition, such
an electric field may enhance the lever-like motion of the Argl195 side chain which
is required for a permeation event in the down state.

A quantitative estimation for this effect indicates that this direct effect of the
electric field on the guanidinium group only partially induces the shift in the popu-
lation. The shift along the z coordinate of the guanidinium group is approximately
6z =2A. Assuming a membrane potential of A® = 200mV, a membrane width of
d = 4nm, and a homogenous electric field in the aquaporin, the potential energy
difference between the up and the down state is given by AV = edz A®/d = 0.4 kT.
This translates into the relative population by a factor of only ~0.7. Although the
electric field might be larger inside the protein since it is more polarizable than
the lipid bilayer, the small effect of the electric field on the guanidinium group
might not be sufficient to explain the shift in the water flux. Moreover, one would
expect an increasing effect on p; with increasing A®, which is not found (compare
fig. 5.3). Therefore, more indirect effects may influence the stability of Argl95 in
the up state. A candidate for such an effect are configurational changes in Loop-C
since Argl95 is stabilized in the up state by a hydrogen bond to the backbone oxy-
gen of Gly125 in Loop-C (fig. 5.4A). In simulations with large membrane potentials
the (negatively charged) Asp127 and Asp130 were pulled into the periplasmic bulk
water, inducing a motion of the complete Loop-C. Hence, electrostatic interactions
of Loop-C with a positive membrane potential may destabilize the hydrogen bond

between Argl95 and Gly125, indirectly increasing the population of the down state.

5.3. Conclusion

We found strong indications that the water flux through AQP1 can be regulated
by an electrostatic membrane potential. The population of the two dihedral states

of the conserved Argl95 is a promising mechanism which regulates the water flux.
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The shift in the relative population between the up and down states of Argl195 may
be induced by the electric force acting on the charged guanidinium group, or by
indirect effects such as a destabilization of the Argl195-Gly125 hydrogen bond. An
experimental verification of the voltage-regulated water flux through AQP1 is, of

course, highly desired.
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6. Inhibition of aquaporin-1

Malfunctions of aquaporins (AQPs) are involved in a number of pathological condi-
tions such as renal disorders, brain edema, glaucoma, and tumor growth. Numerous
studies indicated that upregulation, downregulation, or inhibition of AQPs may be
relevant for the treatment of such disorders, making AQPs an interesting target for
new drugs. The following section summarizes the role of AQPs in several diseases,
particularly highlighting potential medical treatments by AQP inhibition. For more
detailed discussions we refer to the reviews by Agre, Castle, and Wang (56, 57, 58).

6.1. Introduction — Aquaporins as novel drug

targets

Renal disorders Seven AQPs facilitate the fluid transport in the kidney (201). In
particular, AQP1-3 play an essential role in the concentration of the urine. Humans
lacking AQP1 show only a slightly reduced ability to concentrate the urine in case
of drought (202). In contrast, mutations in AQP2 can cause a severe disorder called
diabetes insipidus renalis which is characterized by the excretion of large amounts
of diluted urine (48, 203). In mice, the deficiency of AQP3 seemed to downregulate
AQP2 expression causing diabetes insipidus (204). Such findings suggest that AQP
inhibitors may prove new effective diuretic drugs with less adverse effects than

existing reagents.

Brain edema Brain injury, stroke, tumors, or hydrocephalus may lead to patho-
logical accumulation of water in the brain which, in turn, may be lethal or cause
permanent damage to the brain. Such imbalance in brain homeostasis is likely to
be caused by misregulation of AQP4 which is highly expressed in tissues of the
blood-brain and brain-cerebrospinal fluid interface (52, 205, 206). AQP4 null mice

showed an increased protection against brain edema caused by water intoxication
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or reduced blood supply (ischemia) due to cerebral injury (53). On the other hand,
recent studies showed that AQP4 plays an important role in the clearance of a
different type of —the so called vasogenic— brain edema, which can be caused by
infections or brain tumors (52). Mice lacking AQP4 showed a reduced ability to
clear a vasogenic brain edema leading to more severe conditions (54). Therefore,
both inhibition of AQP4 and upregulation of AQP4 expression would be highly

relevant for medical treatment.

Glaucoma In the eye, a high intraocular pressure can damage the optic nerve,
cause a partial loss of the visual field, or even result in blindness. Worldwide, glau-
coma is the second most frequent cause of blindness. The main target in its medical
treatment is to reduce the intraocular pressure by reducing the amount of humor
that is released into the eye (207). Active transport of solutes across the epithelia
creates an osmotic gradient causing diffusion of water into the eye. The fact that
AQP1 and AQP4 are highly expressed in the eye’s epithelia suggest that the water
transport across the epithelium may be facilitated by AQP1 and AQP4. And in-
deed, AQP1 knockout and AQP1/AQP4 double knockout mice showed a reduced
intraocular pressure compared to the wild-type mice (47). Hence, inhibition of
AQP1 is expected to reduce the influx of aquaous humor into the eye reducing the

intraocular pressure, and is therefore a promising strategy in glaucoma treatment.

Tumor growth AQP1 is expressed in the endothelial cells of capillaries in several
tumors, suggesting that AQP1 may be involved in angiogenesis (capillary growth)
of tumors (49, 55). Experiments on transgenic mice showed that angiogenesis and
tumor growth are indeed impaired by the knockout of AQP1 (50, 51). AQPI-
deficient mice showed improved survival, indicating that AQP1 may be a novel

target for antiangiogenic therapy.

Exocrine disorders and obesity In addition, exocrine disorders are related to
malfunction of AQPs. For example, abnormal distribution of AQP5 in salivary
glands leads to Sjogren’s syndrome which is characterized by dry eyes and a dry
mouth (208, 209). Moreover, aquaglyceroporins may be related to disorders in the
metabolism such as obesity. AQP7 deficient mice showed greater amount of fat
mass compared to wild type mice (210, 211), rendering the upregulation of AQP7

a putative strategy for a medical treatment of obesity.
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6.2. Inhibition of aquaporin-1 by

tetraethylammonium

As demonstrated in the previous section, reversible and specific AQP inhibitors are
highly desired but not available so far. Mercury, gold, and silver ions are known to
inhibit AQP1 by binding to Cys189 in the extracellular pore entrance (212, 213).
However, these ions are toxic since they do not bind specifically to AQP1.

More recently, tetracthylammonium (TEA, N(CyH;)f) was reported to inhibit
AQP1, although its potency to inhibit AQP1 was controversially discussed (214,
215, 216, 217). In oocyte experiments, TEA was reported to reduce the AQP1
water permeability by 20-40% (214). The same group observed that the water
permeability of AQP1 expressing kidney-derived cells was reduced by 34% or 50%,
respectively, depending on the cell type (217). Detmers et al. reported a 44% inhibi-
tion of water permeation by TEA with an IC;y concentration of 1.4+0.8 uM (215).
In the same study, a putative binding site has been proposed by a combination of
docking and MD simulations. Yang et al. did not observe any AQP1 inhibition by
TEA (216).

Here, we study the effect of TEA on water permeation through human AQP1 to
address weather TEA is a possible lead compound for the inhibition of TEA. Using a
combination of umbrella sampling simulations, docking, and free MD simulations,
we determine the binding site for TEA and estimate the corresponding binding
affinity. Noteworthy, binding of a ligand does not necessarily lead to complete
inhibition the channel. Therefore, in a second step, the inhibitory effect of TEA on

the water flux is determined and compared to the experimental values.

6.2.1. Methods
Umbrella sampling

To quantify the TEA binding affinity, umbrella sampling simulations were set up
as follows. The centers of the umbrella potentials were chosen in steps of 0.25 A
perpendicular to the membrane plane, ranging from the AQP pore entrance into the
bulk water. For each umbrella center, a random snapshot was chosen from a 20-ns
equilibrium simulation of hAQP1 and used as starting configuration. Within each of

the four monomeric channels, a TEA molecule was placed at the umbrella center.
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Figure 6.1: Typical starting con-
figuration for umbrella simulations.
Tetramer of human aquaporin-1 (red,
orange, blue, green), membrane of
POPE (grey), and TEA (magenta).
For clarity, water is not shown.

Water molecules that overlapped with TEA were removed. The simulation box
contained the hAQP1 tetramer and four TEA molecules solvated in a membrane
of 271 POPE lipids and approx. 19300 TIP4P water molecules (168). The force
field and simulation parameters and chosen as described in section 4.2. A typical

simulation box is shown in figure 6.1.

Umbrella simulations were carried out by restraining the nitrogen atom of TEA
with a harmonic umbrella potential. A force constant of 1000kJ/(molnm?) was
applied. In addition, the TEA nitrogen atoms were confined into a cylinder (radius
re =11 A) whose axis was centered along the corresponding monomeric pore. The
cylindrical confinement was implemented via an additional force F(r) = —k.(r —
r.) H(r —r.) pointing towards the cylinder axis. Here, r denotes the distance of the
TEA nitrogen from the cylinder axis, k. = 400kJ/(molnm?) the force constant,
and H the Heaviside step function. Umbrella simulations with the TEA close to
the binding region (30 umbrella sections) were run for 6 ns each, simulations with

the TEA in bulk water or in loose contact with AQP loops were run for 600 ps each.

Umbrella histograms collected from the simulations were corrected in case of fluc-
tuations of the corresponding monomer within the AQP tetramer. As reference, the
z-coordinate (perpendicular to the membrane) of the center of mass of the backbone
atoms of the Asn-Pro-Ala (NPA) motifs was applied and defined as z = 0 in fig-
ure 6.4. For each of the pores, a free energy profile was computed separately using

the weighted histogram analysis method (147). Subsequently, the probability for a
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TEA to be located at some position z along the reaction coordinate was averaged
over the four monomers. To this aim, the four profiles G;(z) were combined into
an effective profile Geg(2) via exp(—Ge(2)/kpT) = (1/4) Zle exp(—G;(2)/ksT).

Here, T' denotes the temperature and kg the Boltzmann constant.

Location of the binding site

In addition, the location of the TEA binding site was determined from the um-
brella simulations. The location of the TEA nitrogen was extracted from three
umbrella simulations with the TEA located around the minimum in Geg(z). The
last 2ns of these three 6-ns simulations were analyzed. The TEA positions at the
four monomers were combined into an effective binding site. The number of TEA
positions at a monomer ¢ that contribute to the effective binding site was chosen
proportional to the probability exp(—G;(z)/kgT’) for the TEA to be located at the

position z in monomer ¢.

IC5 estimates

From the effective profile Geg(z) the ICsy concentration was calculated, i.e. the
TEA concentration that leads to a TEA binding with a probability of 50%. To
this end, the TEA was considered as bound if the distance z between the NPA
site and the TEA nitrogen was smaller than z, = 25 A. Since the TEA nitrogen
was confined into a cylinder of radius r. during the umbrella simulations, the 1Csq
estimation reduces to the determination of the length L (or volume 7r2L) of the
cylinder that leads a 50% binding probability.
The probability for the TEA for being bound is given by

P,=N"" dz exp(—Geg(2)/kpT). (6.1)

z<zp

The probability for being unbound is

Py, = N* dz exp(—Geg(2)/ksT). (6.2)

2p<z<L

Here, N is a normalization constant. Applying P, = P, allows to solve for L and

to determine the corresponding TEA concentration ICsq = 1/(7r?L).
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Permeability estimates

To quantify the inhibitory effect of TEA, an equilibrium simulation of hAQP1 with
TEA bound into the binding site was compared to a reference simulation without
any TEA present. The same simulation system, force field, and simulation parame-
ters as for the umbrella simulations were chosen (except that no umbrella potential
and cylindrical confinement was applied). The simulations with and without TEA
were run for 10 and 20 ns, respectively. As a measure for water permeability, we
counted the number of water molecules that permeated completely across a layer
of thickness 9.5 A including the Asn-Pro-Ala (NPA) site and the aromatic/arginine
constriction region. This pore section displays the lowest water diffusion constant
(data not shown) limiting the water flux. Hence, the number of complete perme-

ation events across this section is directly proportional to the permeability py (190).

6.2.2. Binding site

The location of the binding site is a prerequisite for the computational design of
AQP1 specific inhibitors. Earlier studies reported that the inhibitory effect of TEA
on AQP1 was knocked out by mutating Tyr186 into Phenylalanine, and therefore
highlighted the role of the E loop in TEA binding (214). Using a combination of
docking and MD simulations, a more recent study identified residues in loop A, C
and E which may be involved in the binding of TEA. In addition, the A loop of
the neighboring monomer was proposed to serve a lid which keeps the TEA inside
the binding pocket (215).

Here, we identify the binding site using a combination of three independent
methods, i.e, (i) umbrella sampling, (ii) a combination of docking and MD, and
(iii) free MD simulations.

The binding site as derived by umbrella simulations is shown in figure 6.2. Ob-
served positions of the TEA nitrogen in the binding site are represented by magenta
spheres. The volume which can be occupied by the TEA molecule inside the bind-
ing site is indicated as a magenta surface. According to the simulations the TEA
is not bound to a single site but samples an extended region in the pore entrance

which is located between

e Val46, GInd7, Asp4d8, and Asn49 of loop A,
e Aspl28, Leul29, and Alal30 of loop C,
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Figure 6.2.: Binding site of TEA as derived from umbrella simulations in top view (a) and side
view (b). The view in (b) is indicated by the black arrow in (a). Positions of the TEA nitrogen
inside the minimum of the potential of mean force (compare figure 6.4) are shown as magenta
spheres. The corresponding volume of the complete TEA molecule is shown as a magenta surface.
Residues in close contact to TEA are labeled and displayed as sticks. The binding site is not
represented by a narrow binding pocket but by a rather extended cloud, even including very few
TEA locations outside the channel pore (cloud at the bottom of fig. (a)).

e [le184, Aspl85, and Gly188 of loop E, and

e Pro38 of loop A of the neighboring monomer.

To validate the putative binding site, the binding site derived from umbrella
simulations can be compared to TEA locations in free MD simulations, i.e., sim-
ulations without any confining potential acting on the TEA molecules. In collab-
oration with Matthias Miiller, two such simulations have been performed which
differ in the choice of the initial positions for TEA. For the first simulation, the
TEA molecules were placed at favorable positions which have been derived by a
docking approach (denoted dockMD). TEA nitrogen positions close to the hAQP1
pore are shown as cyan spheres in figure 6.3. For the second set of simulations, 20
TEA molecules were placed at random positions in the bulk water (denoted first
principles docking). The TEA positions in the binding site as extracted from the
latter simulation are displayed as yellow spheres in figure 6.3. The simulation setup
for the dockMD and first principles docking MD is described in detail in ref. (218).

At first glance, the three approaches yield rather distinct clouds indicating that
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© umbrella sampling
© dockMD
© first principles docking

Figure 6.3.: Possible binding positions of TEA as derived by three different methods in (a) top
view and (b) side view. Umbrella sampling (magenta spheres), unbiased MD simulation with the
initial TEA positions derived by docking (denoted ‘dockMD’, cyan spheres), and unbiased MD
simulation with random initial TEA positions (denoted ‘first principles docking’, yellow spheres).
The region where the TEA nitrogen positions derived from all three approaches overlap is marked
by a black circle. The view in (b) is indicated by the black arrow in (a).

the simulations are not able to produce converged TEA positions within the sim-
ulation time. In particular the dockMD approach (cyan spheres) sampled TEA
positions outside the pore in more or less loose contact with protein loops. Being
far away from the narrow part of the AQP pore, such positions are rather unlikely
to inhibit the channel. They may, however, represent metastable TEA positions
that TEA visits prior to an inhibitory binding event. Likewise, during the first
principles docking the TEA frequently occupied positions outside the pore (up-
per yellow cloud in fig. 6.3b) which also likely to represent a preliminary state of

binding.

Further inside the channel, the TEA clouds derived from the three approaches
significantly overlap as indicated by a black circle in fig. 6.3. This location may
therefore be considered as the most likely binding position for TEA. Section 6.2.4
describes the inhibitory effect on the water flux for a TEA molecule located at this

position.
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Figure 6.4.: Potential of mean force (PMF) Geg(z) for TEA moving into the binding pore
of human AQPI1 (black line). The binding site is visible as the minimum in the PMF around
z ~ 18 A. The pore rearranges upon the presence of a TEA which becomes visible by increasing
the time for equilibration tequi before analyzing the umbrella simulations (dashed lines). Longer
tequil only leads to an increasingly pronounced minimum at the binding site but does not change
the location of the minimum. The inset displays ICsy concentrations as derived from the PMFs as
a function of the inverse tequi. The experimental value is shown in diamond representation (215).

6.2.3. Binding affinity and ICsy estimates

Figure 6.4 displays the potential of mean force (PMF) for TEA moving into the
pore of hAQP1, as derived from umbrella sampling simulations. The solid curve
shows the PMF that was derived by sampling each umbrella window for 1ns after
an equilibration of 5ns. The PMF displays a clear minimum at 2~18A which
corresponds to the binding site displayed in figure 6.2.

Conformational motions of loops occur typically on timescales of tens of nanosec-
onds and may therefore be insufficiently sampled in nanoseconds umbrella simu-
lations. In particular, the A-loop conformation of the bound state might not be
converged, and therefore the actual binding affinity might be larger. To investigate
this effect, we calculated the PMF from the 6ns of simulation with an increas-
ing time for equilibration before analysis. Between 1ns and 5ns in steps of 0.5ns
were removed at the beginning of the umbrella trajectories, while the remaining
parts of the trajectories were used for the computation of the ‘non-equilibrium’

PMFs (dashed lines in figure 6.4). The position of the minimum does not change
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with equilibration time and therefore reflects the (converged) location of the bind-
ing site. The binding affinity is observed to increase with simulation length, with
an increasingly pronounced minimum in the PMF around 2~18A. These findings
demonstrate that the TEA binding site rearranges with time in the presence of
TEA, displaying a clear example of induced-fit binding at the atomic level.

The inset of figure 6.4 quantifies the induced fit. The graph displays ICs5q con-
centrations, i.e., TEA concentrations at which 50% of the hAQP1 monomers bind
a TEA molecule. The ICy, values are shown as a function of the inverse equilibra-
tion time 1/t.qun that was used for the calculation of the respective PMF. These
ICsp concentrations are rather large, in the range of several millimolar. In the ex-
periments by Detmers et al. (215) the 1C5y was measured as 1.4 uM (diamond).
As expected from the PMFs, the IC5, values continuously decrease with increasing
equilibration time. Moreover, the plot suggests that the computed 1Cs5q value is
likely to decrease further with longer equilibration, as indicated by the dashed line.
In this sense, the simulations reveal an upper limit of the IC5y value of ~3mM,
which is compatible to, but does not yet quantitatively reflect the experimentally

derived value.

6.2.4. Inhibitory effect of TEA on hAQP1

Now that the TEA binding site is reliably identified, we will subsequently address
the inhibitory effect on permeation by TEA binding to this site. As described
earlier, the binding of TEA at the pore entrance of hAQP1 does not necessarily
imply the inhibition of water permeation through the channel. To investigate the
inhibition, we analyzed the influence of TEA binding on the water permeability
of hAQP1. As a robust measure for permeability, the number of water molecules
permeating between the NPA site and the Arg195 was counted, i.e., the permeation
events across the narrowest single-file part of the pore (see Methods Section). This
number is directly proportional to the osmotic and diffusive permeation coefficients
pr and pg (190).

In a simulation with TEA present in the binding site of hAQP1 we observed only
9 permeation events within 9.5ns of simulation corresponding to 0.9 events per
nanosecond. In a 19 ns reference simulation of hAQP1 without TEA we observed a
total of 36 permeation events, corresponding to 1.9 permeation events per nanosec-

ond. Hence, TEA reduced the water flux by ~50%, which, given the number of
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events, is significant. This result agrees with oocyte experiments (215).

6.3. Summary

We have located the TEA binding site by a combination of three computational
methods. TEA does not bind in terms of a “key and lock” model (219), but rather
by an induced fit (220) of the protein to a TEA molecule which is present in the
binding site. We showed that a TEA molecule bound to hAQP1 partly inhibits
hAQP1, reducing the permeability of hAQP1 by ~50%. These results confirm
TEA as a possible lead compound for hAQP1 inhibition.
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7. Short range order and collective

dynamics of lipid bilayers

7.1. Motivation

Lipid membranes in the fluid L, phase have since long been studied by elastic x-
ray and inelastic neutron scattering as model systems for the more complex and
multi-component biological membranes (221, 222, 223, 224, 225, 226, 227, 228,
229). Quantitative information on molecular packing, self-assembly and thermal
fluctuations can be obtained (230). Recent studies on such model membranes have
been extended to address the collective dynamics by using inelastic x-ray (231,
232) and neutron scattering (233), providing dispersion relations for propagating
density modes. Together, elastic and inelastic scattering lead to a quite detailed
and quantitative description of lipid bilayers in the reciprocal space. Parallel to
experimental techniques, molecular dynamics (MD) simulations have been used to
study the structure and dynamics of lipid bilayers (234, 235). MD simulations are
routinely used to study the dynamics and energetics of phase behavior, permeation,
undulation, membrane self-assembly, and collective dynamics at a molecular level
(181, 236, 237, 238, 239, 240, 241).

In the present section we will show that the simultaneous use of MD and diffrac-
tion data can be used to refine the structural knowledge of lipid bilayer systems.
Simulations can help to interpret diffraction signals in more detail and accuracy
than was possible before. At the same time, starting parameters and interatomic
potentials used in MD can be verified and refined by comparison with diffraction
data.

Elastic x-ray scattering experiments of lipid bilayers usually yield the modulus
square of the Fourier transform of the electron density, and thus yield spatial cor-

relations in the electron density rather than the density itself. This fact is well
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known as the phase problem in crystallography. In some cases, e.g. structurally
simple liquids, the correlation functions themselves — like e.g. structure factors —
are the main quantity of interest, from which the nearest neighbor distance and
correlation length can be inferred. Already for complex fluids, however, a much
more detailed description beyond mere correlation functions is required. Detailed
structural information can be obtained by MD simulations. Simulation results can
be compared to experiments via a Fourier transformation of the MD coordinates,
and can thus facilitate interpretation of the experimental results at a molecular

level.

Recently, a number of approaches have been introduced to correlate experimen-
tally measured structure factors (SFs) with SFs extracted from MD simulations to
aid molecular interpretation of the experiments. Spaar et al. related measured
SFs to the interchain distance extracted from MD (242). Additionally, the issue
of extracting the area per lipid has been an active field of research (243, 244).
Klauda et al. (245) addressed this non-trivial issue by relating the area per lipid

from simulations to measured density correlations perpendicular to the membrane.

In the present work we combine MD simulations of the well-known phospholipid
model system 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) in the fluid L,
phase with elastic x-ray and inelastic neutron scattering experiments. We present
an analysis of the experimental observables, allowing an extensive comparison of
the MD results to a set of scattering data, including x-ray reflectivity, x-ray recip-
rocal space mappings, and inelastic neutron scattering by triple-axis-spectrometry.
Accordingly, details of the vertical density profile p(z) of the acyl chain packing
and radial distribution functions, as well as the dispersion relation of the density
fluctuations in the plane of the bilayer are addressed. Moreover, the relationship
between the experimentally measurable chain correlation peak and the area per
head group extracted from MD is investigated. In contrast to Klauda et al. (245),
who addressed density correlations perpendicular to the membrane, we primarily

focus at lateral short-range order of lipids.

In addition to static properties of the bilayer, we present an analysis of collective
dynamics of the lipid tails. These have been argued to be crucial for the transport
of small molecules through the bilayer (246), and have been investigated experi-
mentally (231, 232, 233) and by MD (240). Generally, collective chain dynamics

are interpreted in terms of the three effective eigenmode model, which has, how-
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ever, been derived and verified to describe short wavelength density fluctuations of
simple liquids like fluid inert gases (247, 248, 249, 250). So far, it is not obvious
whether the collective dynamics of lipid tails can be quantitatively described by
three effective modes.
The following presentation of our results is organized in three parts:

(i) First, the electron density profile, the structure factor parallel to the membrane
plane, and the reciprocal space mapping of the DMPC bilayer are calculated from
equilibrium MD simulation and quantitatively compared to x-ray scattering results.
(ii) Next, the relationship between the area per lipid and the interchain correlation
peak is addressed by employing results derived from simulations at different fixed
areas per lipid. Additionally, the MD coordinates are used to verify quantitative
relations between the structure factor and the radial distribution function, i.e. be-
tween a signal in reciprocal space with structure in real space.

(iii) Finally, we compare collective chain dynamics in simulation and experiment
by analyzing the dynamic structure factor derived from inelastic neutron scattering
and MD simulations. The dynamic structure factor is interpreted in terms of the

three effective eigenmode model.

7.2. Methods

The following section summarizes the methods that were applied to compute struc-
tural properties from the MD simulations. The experiments are described in detail
in references (233, 251, 252, 253).

Simulation setup An equilibrated simulation box of 128 DMPC lipids and 2944
water molecules (fig. 7.1a) was chosen as starting configuration for the simulations.
Parameters for DMPC were taken from Berger et al. (169) and the Tipdp water
model (168) was applied. All simulations were carried out using the Gromacs sim-
ulation software (106, 170). Electrostatic interactions were calculated at every step
with the particle-mesh Ewald method (114, 115). Short-range repulsive together
with attractive dispersion interactions were described by a Lennard-Jones potential,
which was cut off at 1.0nm. The Settle (110) algorithm was used to constrain bond
lengths and angles of water molecules, and Lincs (109) was used to constrain the

bond lengths of the lipids, allowing a time step of 2 fs. The simulation temperature
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was kept constant by weakly (7=0.1ps) coupling the lipids and solvent separately
to a temperature bath (116) of 313 K. Likewise, the pressure was kept constant by
weakly coupling the system to a pressure bath of 1bar. In simulations with fixed
area per lipid the pressure coupling in z-y direction (membrane plane) was turned
off and the box was coupled to a pressure bath only in z direction (perpendicular

to the membrane). In total, the simulations cover a time of 230 ns.

Density profiles The number of water molecules per lipid (n,/n¢) to be used
in the simulation was determined from the experimental density profile, yielding
an estimated ratio n,/n, of 27.6. To accomplish this ratio, a simulation box of
128 lipids and 3529 water molecules was set up but used only for comparison
of the electron density profiles. The electron density was extracted from a 50ns
trajectory where the first 10 ns were removed for equilibration. The atomic electron
densities were approximated by a sum of Gaussians, pa(r) = >, af exp(—bir?).
The parameters a; and b} were estimated from the Cromer-Mann parameters a; and
b; (see also next paragraphs) using the fact that a Gaussian form factor in reciprocal

space refers to a Gaussian electron density in real space. Fourier transformation
yields af = a;(47/b;)%/? and b} = 472 /b;.

Structure factors (SF) In order to achieve a resolution in reciprocal space com-
parable to the experiments we combined four of the preequilibrated patches of
128 lipids to obtain a simulation system of 512 DMPC lipids and 11776 water
molecules (n,/ny = 23). This system was then equilibrated for 12ns, and sim-
ulated for another 18 ns for production. Structure factors were calculated every
10 ps yielding the SF averaged over 1800 frames. The scattering amplitudes at the
reciprocal space coordinate q, s(q), were calculated by a direct evaluation of the
sum s(q) = >, fu(k) exp(iq - r,). Here, r, denotes the position of atom n, and
fn(k) the non-dispersive part of the atomic form factor of atom n where k = sin 6/
with the incident angle 6 and the wavelength A of the x-ray beam. The f, (k) were

calculated using the approximation
(n) N om (n) .2
fo(k) =™ + E L, @ exp (—bi k ) : (7.1)

where (™, a§”> and bg") are the Cromer-Mann parameters which are available in

the literature (254). Parameters for N = 4 and N = 2 Gaussians are available.
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We used the latter ones. The structure factor is given by S(q) = |s(q)|*. S(q)
was averaged in the ¢,-g, plane along circles of constant qn.. = 4/qz + ¢; giving
the structure factor S(quas,q.) as a function of ¢y and g,, corresponding to the
components of momentum transfer parallel (in lateral direction) and perpendicular
to the membrane, respectively.

The periodic boundary conditions applied in all simulations give rise to an infinite
and strictly periodic system in which the resolution in reciprocal space is limited
to 2w /L where L is the box size. In our case, the simulation setup of 512 lipids
rendered a resolution of ~ 0.05 Ail parallel and ~ 0.1 Ail perpendicular to the
bilayer.

Radial distribution functions (RDF) Following the notation in ref. (242) the

RDF is defined by
_n(r,r+ Ar)

r) =
g(r) Vo

where AVop = 27r Ar is the volume of a shell with radius r and thickness Ar, and

(7.2)

n(r,r + Ar) is the number of the considered molecules/subgroups in this shell. p
denotes their 2D-density and r is the distance in lateral direction only.

The simulation of 512 DMPC lipids was used to calculate RDFs of (parts of)
the head groups and of the lipid tails. Head group RDFs were calculated for each
monolayer separately, and subsequently averaged over the two monolayers. For the
RDF of the chains the tail region was cut into 60 slices of width dyq = 0.5 A. For
each atom in a slice neighboring atoms were counted to contribute to the RDF of the
slice if their distance perpendicular to the bilayer was smaller than dg /2. The first
maximum in the RDF of the lipid tails a was extracted after slightly smoothing the
RDF by a Savitzky-Golay method. A robust measure of the periodicity of the RDF

ARPE could be achieved by fitting the maxima of the RDF to quadratic functions.

Correction in relations between RDF and SF  When calculating properties of
the RDF of the lipid tails from their SF a distinction should be made between the
RDF of the electron density and the RDF of the centers of the carbon atoms of
the lipid tails. The small difference between the two is due to the normalization of
the RDF with AV,p (eq. 7.2): Assuming a carbon atom C' located at a distance 7
from the origin, with its electron density distributed like a Gaussian with standard

deviation o around ry, then the factor of 1/r due to the normalization (eq. 7.2)
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makes the maximum in the RDF of the electron density not be at » = ry but at
r e~ ro(l—a®/rp). (7.3)

The Cromer-Mann parameters were used to estimate ¢ in the simulations. A fit of
a single Gaussian to the electron density of a united CHy atoms yielded o ~ 0.89 A.
As the united CH, atoms are the most frequent atom type in the lipid tails they
are the most suitable choice for this estimation. This correction of approx. 3% has

been incorporated in fig. 7.6c.

Statistical errors for the correlation length All trajectories were subdivided in
short trajectories of 1ns. The SF was calculated for every subtrajectory separately
and fitted to a Lorentzian allowing to extract the mean and the standard deviation

of the correlation length (assuming a normal distribution).

Dynamic structure factor (DSF) A 10ns simulation of a well equilibrated patch
of 128 DMPC lipids and 2944 water molecules was performed to calculate the lat-
eral dynamic structure factor (DSF) of the lipid tails. During the simulation, the
nuclear form factor F(q,7) = > f. exp(—iq - 1, (7)) was calculated every 4 fs.
Here, f, denotes the nuclear scattering length of atom n, and r,(7) its position
at time 7. As in the samples used for corresponding experiments (ref. (233)), all
CHy and CHj groups of the lipid tails were assumed to be deuterated. The inter-
mediate scattering function was calculated by S(q,t) = N~Y(F*(q,7+t)F(q, 7)),
where N denotes the number of atoms, and the brackets the average over the 10 ns
simulation, i.e., over ~2.5 million pairs of frames, yielding a well converged DSF.
S(q,t) was calculated up to a time displacement of ¢ < 100 ps. Finally, S(q,t) was
averaged along circles of equal ¢, (lateral plane) and Fourier transformed yielding
the scattering function S(q,w), and the lateral spectrum Cy(q,w) = (w?/¢*)S(q,w).
To suppress artifacts from the cutoff at 100 ps, S(g,t) was turned off smoothly by
a Gaussian of width ¢ = 20 ps, which corresponds to a resolution of 0.05 meV. The
fit to the three eigenmode model was performed by a least-square Trust-Region

algorithm, restricted to w < 30 meV.
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Figure 7.1.: (a) A patch of 128 DMPC lipids and 2944 water molecules was used as starting
configuration for the lipid bilayer simulations. To calculate structure factors and radial distri-
bution functions a four times larger patch was simulated. (b) Electron density determined by
x-ray diffraction (magenta), by simulation (black), and by convolving the simulation result with
a Gaussian (cyan). (c) Electron density extracted from the simulation and decomposed in con-
tributions from head groups (green), lipid tails (yellow), water (blue), and the complete system
(black solid).

7.3. Electron density

Since this study mainly focuses on the lipid structure parallel to the bilayer, and as
the influence of force fields and finite size effects on the electron density have already
been investigated in detail (245, 255, 256), we present here only a brief comparison
between the electron density perpendicular to the bilayer, p(z), determined by
simulation and x-ray scattering experiments.

Figure 7.1b shows the electron density profile along the membrane normal of a
DMPC bilayer. The density from MD simulations (black line) is in good agreement
with the density profile from experiment (magenta line). Small differences are ob-
served in form of the more pronounced maxima and minima in the simulation, and
a slightly faster decay of the electron density between head groups and bulk water.
These differences can be explained either (a) by limitations in the force field, i.e.,
some aspects of the bilayer structure are not reproduced well, (b) by finite size
effects due to the limited size of the simulation box, or (¢) by an experimental

effect leading to a smearing out of the profile. Smearing out of the experimental
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profile may be caused by thermal fluctuations, which are taken into account on the
level of a continuum model (257), but residual fluctuation amplitudes on molecular
scales may still lead to a flattening of the profile. To test whether smearing can
indeed account for the differences between profiles from scattering and simulation,
we mimicked smearing by convolving the electron density from simulation with a
Gaussian. The best agreement was found by convolving the density from simula-
tion with a Gaussian of width ¢ = 1.4 A (fig. 7.1b, cyan line). As expected, the
convolution decreases the differences observed at the maxima and minima. The
difference in the decay of the density between head groups and water remaines.
As a next step, we investigated whether the difference in the slope near the head
groups is due to finite size effects. A simulation of a bilayer system four times larger
than the one shown in fig. 7.1a did, however, not improve the agreement (data not
shown). This may be taken as an indication that although the applied force field
reproduces the overall measured electron density favorably, not all aspects of the

bilayer structure are perfectly reproduced.

7.4. Static structure factors of lipid bilayers

7.4.1. Density correlations in the membrane plane

Figure 7.2 shows the static SF S(qat,q. = 0) representing correlations of the
electron density parallel to the membrane. The experimental result from x-ray
diffraction (242, 258) is shown in cyan, the simulation result in black. The most
pronounced feature of the SF is the chain correlation peak at g, =~ 1.39A71. Ad-
ditionally, a shoulder at ~0.8 AT is visible.

Taking advantage of the possibility to omit atoms when calculating the SF from
the simulation we can isolate the contributions from individual groups to the SF.
To this end, we decomposed the SF into contributions from the lipid tails (fig. 7.2,
green), the head groups (blue), or the complete DMPC lipids (red). All curves
except the head groups show the the peak around ~ 1.39A71. The observation that
the head group curve (blue) does not show this peak, whereas the lipid tails (green)
produces this peak only, clearly confirms the common interpretation of this peak

as the chain correlation maximum.

In order to quantify the comparison between experiment and simulation, we fitted
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Figure 7.2.: Static structure factor S(qus,q. = 0) revealing density correlations parallel to

o—1
the bilayer. The interchain correlation peak at q.y = 1.39 A  is clearly visible in both the
experimental (cyan line) and simulation results (black line). Additionally, a shoulder at .4 =~

0.8 4—1 that corresponds to the electron density of the head groups is visible in both curves.
Properties of the structure factor are easier to identify after decomposing it into contributions
from the lipid tails (green), the head groups (blue), or the complete DMPC lipids (red). The solid
orange line indicates where the head group peak is expected when assuming that the head groups
are arranged on a two dimensional hexagonal lattice. The dashed orange line is the corresponding
line for the lipid tails.

e —1
the interchain correlation peak in the range of 1.2 to 1.8 A~ to a Lorentzian,

2

S(q) = fm + Yo, (7.4)

where I denotes the intensity, v the half width at half maximum, ¢y the center.
Only in simple cases, a peak at qg refers to a regular ordering of the density with
spacing 27/qo. Yo is the baseline of the peak and is generated by, e.g., thermal
fluctuations and contributions from inelastic scattering. For a Lorentzian the cor-
relation length is given by & = 1/7. The fit of the chain correlation peak to a

Lorentzian (eq. 7.4) was carried out by applying a least squares method using a
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=T

Peak Data q /A f/A Color in fig. 7.2
chains experiment 1.385 5.7 cyan
simulation (lipid tails) 1.396 5.6 green
simulation (complete lipids) 1.392 5.1 red
simulation (lipids & water) 1.411 6.0 black
head groups  simulation (head groups) 0.73 3.2 blue

Table 7.1.: Positions of the peak maxima qg and the corresponding correlation lengths &
of the chain-chain and the head group correlation peak, extracted from x-ray diffraction
experiments and MD simulations.

Trust-Region algorithm, yielding the peak position ¢y and the correlation length
¢. This fit has been performed for (i) the experiment, (ii) the coordinates of the
lipid tails, (iii) of the complete lipids, and (iv) of lipid and water. The results are
summarized in table 7.1. The peak position as well as the correlation length are
in favorable agreement with experiment. Since the level of hydration was slightly
lower in experiment compared to simulation we performed an additional simulation
with a water to lipid ratio of n,,/n, = 15 which reproduces the experimental bilayer
repeat distance of 50 A. The results differ less than 1% compared to the results
in table 7.1 (data not shown) showing that in the regime of partial hydration the

exact level of hydration has no significant influence on the lipid tail packing.

A second feature in the experimental SF (fig. 7.2, cyan line) and the SF of the
simulation system (black line) is the head group peak, which is only visible as a
shoulder at ~0.8 AT Omitting the water (red line) leads to a significantly more
pronounced peak, indicating that gaps between head groups are filled by water,
smearing out the electron density correlation. When taking only the DMPC head
groups into account (blue line) the head group correlation is visible as a single peak,
which can again be fitted to a Lorentzian (eq. 7.4) giving the position of the peak
maximum and the correlation length. The fit in the range of 0.4 A to 14A7
yields qo = 0.72 A7 and € =32A (see also table 7.1) showing that although the

head group correlation is present, it is weak.

In summary, the simulation result agrees favorably with experiment and con-
firms the common interpretation of the chain correlation peak and the head group
shoulder. Having identified and analyzed the SF the following questions arise: How

do these structure factor maxima relate to specific configurations of lipids in real

98



20%c e

space? In particular, to which degree is the picture of a simple two dimensional
(2D) fluid valid to describe the short range order of the lipid tails or the head
groups?

In a first step, we compare the lipid head group distribution to a grid of spheres
arranged on a 2D hexagonal lattice. The distance between the centers of adjacent
head groups is then d = (24, /3'/2)1/2 where Ay is the area per lipid, and a peak at
Quat =27/ d is expected in the SF. In our simulations, A; equaled 62.3 A2 resulting
in gt = 0.74 A7 as indicated by a solid orange line in fig. 7.2.

And indeed, the true position of the head group peak at 0.72 AT is in good
agreement with the position expected from this simplistic hexagonal lattice model.

In contrast, the idea of a densely packed 2D fluid does not hold for the lipid tails.
Using the same model the chain correlation peak would be expected at 1.05 A_l
(dashed orange line) which is far off the peak at 1.39 AT Hence, the distance
between lipid tails is shorter than expected from the homogeneous hexagonal lattice
model. This short distance may be due to formation of local clusters of lipid tails.
Apparently, in the fluid L, phase, it is not possible to relate the area per lipid
straightforward to the interchain distance. It would be interesting to investigate
this issue also in the gel phase, where the area per lipid is more reduced, thus

shifting the dashed orange line in fig. 7.2 to higher gja¢.

7.4.2. Including correlations perpendicular to the membrane:

reciprocal space mapping

So far, we have considered S(qs,q. =0), reflecting the lateral correlations in the
plane of the bilayer in a range of ¢,; corresponding to molecular length scales. How-
ever, S(qat, ¢. =0) characterizes only the two dimensional order of lipid molecules,
after projection of the electron density into the plane of the membrane. A full de-
scription of the fluid structure is obtained, by considering the 3-dimensional struc-
ture of the tails, including their tilt degree of freedom. To this end, S(qiat, ¢- =0)
needs to be complemented by a fully two-dimensional reciprocal space mapping
(RSM) S(qiat, ¢-) around the chain correlation peak (242). Experimentally, this
is only possible for highly aligned membranes, where powder averaging does not
destroy the separation of the different ¢ components.

The RSM of the DMPC bilayer is displayed in fig. 7.3a. The simulation results

are shown as a contour plot. For comparison, the x-ray data are shown as a color
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Figure 7.3.: (a) Reciprocal space mapping (RSM) of DMPC, i.e. the 2D structure factor
S(quat, q») representing density correlations parallel and perpendicular to the bilayer: simulation
result as contour, x-ray data as color coded plot. (b) Radial slices of the RSM from simulation
along angles ¢ as indicated by the line in (a). ¢ is varied from ¢ = 0° (highest maximum, solid
line) to ¢ = 80° (lowest maximum). (c) Peak maximum of radial slices versus the angle ¢,
extracted from simulation (shaded) and experiment (black line).

coded plot. Again, favorable agreement is found in the full range of available
experimental data. Both the simulation and x-ray data show the extension of the
interchain correlation peak along a circle with radius ~1.4 AT around the origin
of reciprocal space, indicated by a dashed line in fig. 7.3a. The bent peak shape
originates from lipid tail populations (or segments) which are tilted against the
membrane normal.

A more quantitative comparison is possible by analyzing S(qa¢, ¢.) along radial
slices in the q.-¢. plane. Figure 7.3b shows the simulation RSM along these slices
at angles ¢ (as defined in fig. 7.3a) between 0° and 80° in steps of 5°. The maximum
of the chain correlation peak clearly decreases and its half width (HWHM) increases
with increasing ¢. This is an indication that the lateral correlation length of the
tail decreases the more the tails are tilted with respect to the membrane normal.

The decay of the chain correlation peak along ¢ can be quantified by fitting the
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experimental and simulation data to a Lorentzian (eq. 7.4) at various angles ¢. The
resulting peak maxima I(¢) are displayed in fig. 7.3c. Simulation and experiment
may only be compared in the 10° < ¢ < 40° range. In this range, good agreement
agreement is observed. For ¢ < 10° corresponding to exit angles equal to the
critical angle oy = a., the Fresnel transmission function leads to an enhancement
of intensity, which is a well known optical effect in grazing incidence diffraction,

rendering higher experimental than theoretical values.

7.5. Radial distribution functions

7.5.1. Head group structure

The RDF (eq. 7.2) of the lipid head groups yields a more detailed picture of their
short range order. Here, we present the RDFs computed from the centers of mass,
which is more pronounced and less smeared out than the RDF computed from the
electron densities. Thus, it helps to identify features in the structure.

The RDF of the complete head groups (fig. 7.4, green) reveals that there is not
one but rather two or more typical distances of adjacent head groups. (Note that
‘distance’ always refers to COM distances). Apparently, the structure of lipid head
groups is more complex than that of spheres in a 2D liquid and is not well described
by the RDF of the COM of the complete head groups. Therefore, we proceed to
calculate the RDF of three subgroups of the head group: the phosphate group PO, ,
the trimethylammonium (TMA) group N(CH3)7, and the central carbon atom of
the glycerol (denoted C-(3), i.e, the carbon atom to which the lipid tails are bound.
Interestingly, these three subgroups show very different short range correlations.

The simplest short range structure is formed by the TMA groups producing a
single peak in the RDF at a lateral distance of r ~ 7.9 A (fig. 7.4, blue). Presumably
this is due to the situation that the TMA group at the very top of the head group
is least constricted in its motion by interactions with other lipid molecules. In the
same fashion as above, we compare our results to the 2D hexagonal lattice model
(orange line in fig. 7.4). For the TMA group we find that its peak maximum is only
slightly below the lipid distance in the hexagonal lattice model d, indicating that
the TMA groups show a weak tendency arrange in a non-homogenous distribution.

The RDFs of the phosphate (red line) and the C-5 atoms (black line) show more

complex behavior with two and three maxima for adjacent head groups, respec-
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Figure 7.4.: Radial distribution functions g(r) of the centers of mass of molecular components
of the head groups: complete head groups (green), phosphate (red), trimethylammonium groups
(blue), and the central carbon atom of the glycerol (black, denoted by C-3). The radial distri-
bution functions reveal complex structural determinants for the packing of (components of) the
head group. The distance that is expected if the head groups were ordered on a two-dimensional
hexagonal lattice is indicated in orange.

tively. This behavior is related to the fact that (a) these atoms are confined by
steric interactions with other lipid molecules, and (b) that lipid molecules are not
rotationally symmetric.

To illustrate the complex short range order of the head groups we selected repre-
sentative pairs of lipid molecules from MD snapshots that contribute to the peaks
in the RDFs. They are displayed in fig. 7.4 with arrows indicating to which peak
they contribute. The first peak in the phosphate RDF at r =~ 5.6 A can be as-
signed to two directly neighboring phosphates (fig. 7.4a) whereas the second one
at r ~ 8.7 A corresponds to two phosphates separated by a TMA group (fig. 7.4c).
This TMA can either belong to one of the two lipids or be part of a third lipid.
The first maximum in the C-G RDF at r ~ 5.5 A corresponds to pairs of lipids that
are tightly packed with their lipid tails relatively parallel (fig. 7.4a). Although the
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peak is clearly present, its maximum is quite low indicating that this configuration
is rare. The second and most prominent maximum of the C-3 RDF at r ~ 7.2 A
belongs to a broad set of disordered adjacent lipid molecules. Figure 7.4b shows
a representative configuration for this group of poorly packed, but very frequent
structures. The third peak around r ~ 9.5A usually corresponds to two lipid
molecules being separated by either a few water molecules (fig. 7.4d), or a tail of a
third lipid molecule (not shown).

In summary, these results indicate that the picture of head groups (in contrast
to the lipid tails structure) being ordered like a dense 2D liquid is a reasonable first
order approximation. On a closer look however, packing effects of the asymmetric
lipids, and interactions of the head group sub-units render the energy landscape
of the lipids much more complex than that of a simple liquid. The impact of
this complex energy landscape on dynamic processes like bilayer formation or lipid

diffusion remains a topic for future studies.

7.5.2. Radial distribution function of lipid tails

Figure 7.5a shows the RDF of the lipid tails in slices parallel to the bilayer extracted
from a 20ns equilibrium simulation of 512 DMPC molecules. For the calculation,
the C atoms of the tails have been treated as points, to determine the RDF of the
tail center positions. A pair of C atoms contributing to the RDF may be part of the
same lipid molecule, but not of the same tail. The results show that the RDF is a
robust function for —10 A <z<10 A, i.e., it is almost independent of the distance
from the center of the bilayer at z = 0. This confirms the findings of a previous
study (235, 242) on POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) that
was based on only a single MD snapshot. Hence, averaging the RDF around the
central region of the bilayer, i.e. for |z| < 7.5 A leads to a robust RDF of the lipid
tails, as shown in fig. 7.5b.

7.6. Lipid tail packing and area per lipid

The main goal of this section is to relate the experimentally measured SF to intrinsic
structural quantities of the bilayer, in particular to the area per lipid Ay and the
radial distribution function of the lipid tails. Two problems are addressed: First, we

investigate how the chain correlation peak of the SF depends on Ay, and whether
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Figure 7.5: (a) Radial dis-
tribution function ¢(r) of the
lipid tails in slices parallel to
the DMPC bilayer. z = 0 cor-
responds to the center of the
membrane. ¢(r) is almost in-
dependent of z. In particu-
lar, the positions of the max-
ima and minima are robust
properties of the lipid bilayer.
(b) Slice-wise radial distribu-
tion function in (a) averaged
over |z| < 7.5A around the
center of the bilayer.
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the latter can be estimated from the peak position and shape. Second, quantitative

relations between properties of the SF and RDF shall be tested at varied Aj.

7.6.1. Invariance of RDF and structure factor as a function of

the area per lipid

A patch of 512 DMPC and 11776 water molecules was first simulated for 20 ns at

< 2
constant pressure allowing to extract the equilibrium area per lipid Aoy = 62.3A

under the simulation conditions. Then, the system was simulated with the area per
lipid Ay, being constrained between 100% and 140% of A, with steps of 5%. Each

of these 9 systems was simulated for another 20ns. We restricted to A > A
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Figure 7.6.: (a) Radial distribution function (RDF) and (b) structure factor (SF) of lipid tails
from simulations at constant area per lipid Ay,. Ay was constrained between 100% and 140% of

the equilibrium area per lipid and increased in steps of 5% (Aeq = 62.3 A2) (¢) The position of
the first maximum a of the RDF' (black solid line, circles), a calculated from the SF using eq. 7.6
(black dashed line, circles), periodicity \RPY of the RDF (shaded solid line, diamonds), ARP¥
calculated from the SF using eq. 7.7 (shaded dashed line, diamonds), and the mean interchain

distance ay, (dashed black line). The quantities are plotted versus the area per lipid in units of
Aeq-

since bilayers of the size of our simulation box were found to form bends within
only a few 100 ps when being constrained to A; < Aeq rendering the simulations

unsuitable for the the following quantitative analysis.

Figure 7.6a shows the RDF ¢(r) of the 9 simulations at different areas per lipid.
The first maximum in the RDF a is the most likely interchain distance, which must
be distinguished from the mean interchain distance a,, = [, rg(r)dr/ [, g(r)dr.
Here, f1 o, s an integral over the first shell of lipid tails, i.e., up to the first minimum
of g(r). ARPF denotes the periodicity of the RDF as depicted in fig. 7.6a.

Interestingly, only the value of g(r) at the maxima and minima of the RDF
depends on the area per lipid A, but not the position of the maxima and minima
or the periodicity ARPY of the RDF. This is also shown in fig. 7.6¢ where the position
of the first maximum a of the RDF is plotted as a black solid line versus the relative
increase of the area per lipid showing that a is independent of A;. Similarly, the
periodicity ARPF (shaded solid line) is independent of Az. The same trend can be
observed in the structure factor of the lipid tails (fig. 7.6b); with increasing Ay,
the chain correlation becomes less pronounced, but the position of the maximum
in reciprocal space qq is almost constant. Apparently, when increasing Ay, the
lipid bilayer does not undergo a uniform expansion. Instead, lipid tails remain

at constant relative positions and only the population of interchain distances is
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reduced. In other words, the bilayer responds in a lateral sznhomogeneous manner to
the decrease of pressure. This can be understood from the fact that the interaction
between the chains is predominantly attractive.

Although interchain distances are obviously not explicitly dependent on Ay, we
cannot exclude that under environmental conditions (temperature, humidity, salt)
that induce a different A; the chain correlation might also be affected. From
our results we conclude that it is not the area per lipid itself that determines the
periodicity of the RDF (or the position of the interchain correlation peak of the
SF). This finding underlines the fact that for a given type of lipid (and a given

ARDPF are robust properties of the bilayer. It also

temperature) the qq, a, a,, and
rules out any possibilities to deduce A experimentally from the measured peak

position of the SF.

7.6.2. Linear dependence between correlation length and area
per lipid

While Ay does not determine a and the corresponding ¢, it does have an effect

on the correlation length & = 1/v of the chain-chain ordering as shown in fig. 7.7.

When increasing A, from 62.3 A (1A.,) to 74.8 A (1.2A,), & decreases linearly

from 5.7A to 4.85A. When pushing the bilayer even further away from equilib-

rium we reach a non-linear regime where £ seems to saturate at ~ 4.8 A. Visual
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inspection of the simulation trajectories showed that under such extreme conditions
the bilayer starts to rupture. Lipid molecules form clusters and water molecules
penetrate into the membrane between the clusters. For A; < 1.20 Ao, the mem-
brane remains intact and allows to quantify the £-A; dependence empirically by
a simple linear model £(AL) = aAL + &. From the simulation data we estimate
€ = 9.78A (£0.4%), and a = —0.0674/A (£0.8%) (fig. 7.7, shaded line) by a
simple linear least squares fit. (Errors correspond to standard deviations.) This
linear &-A;, dependence can be applied to estimate the experimental area per lipid
AT® from the correlation length £*P determined from the SF. A least squares fit
of the experimental SF to a Lorentzian results in £ = 5.74 A (+1.4%) (sce also
table 7.1) yielding A7 =~ 59.9 A (£2.4%). Note that the value of AT refers to the
experimental conditions (temperature, humidity) and not to our simulation setup.
The uncertainty of 2.4% has been determined by usual error propagation and ac-
counts for statistical errors only. Within the reported uncertainty, A7 agrees with
the experimentally determined value of 59.6 A (244) as well as with experimental
results that have been refined by simulation methods (60.6 A2, ref. (245)). This
analysis shows that the interchain correlation length is an observable that can be

quantitatively related to the area per lipid.

7.6.3. Determination of structural parameters from the

experimental structure factor

Assuming that the SF is a Lorentzian (eq. 7.4), and 7/gy < 1 holds, the RDF in
2D can be well approximated by (242)

_[ efr/f
gr)y =1+~ /2

p V2w \/r

In our case, the term of order 7/qo is a correction of only 7% to the first cosine.

[cos(qor —/4) + 2lq0 cos(qor + 7/4) + O (lj)] . (75)

4o

From this expression the position of the first maximum of g(r) is calculated to be

at 9 9
m g
a~—— — 7.6
490 2qo (7.6)
and the period of the RDF is
ARPE — 97 /40. (7.7)
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In order to verify these relations, we employ the RDFs and SFs obtained from

ARDPE a5 calculated by egs. 7.6

our simulations at different areas per lipid. a and
and 7.7 are compared to the corresponding values obtained directly from the RDF.
Figure 7.6¢ shows these structural parameters as a function of Ay in units of the
average area per lipid in the equilibrium simulation A.,. The black solid line (with
circles) shows the most likely interchain distance a. The black dashed line (with
circles) depicts a calculated from the SF of the lipid tails using egs. 7.6 and 7.3.
We find favorable agreement with a deviation of ~0.5%. In addition, the dashed
black line (no symbols) shows the mean interchain distance a,,, which is found to
be approximately 9.5% larger than a and does also not depend on Ay. The shaded
lines in fig. 7.6¢ show the periodicity ARP¥ of the RDF as determined either from
the local maxima of the RDF itself (shaded solid line), or from the SF of the lipid
tails (shaded dashed line). For the latter we corrected eq. 7.7 according to eq. 7.3.
Again, good agreement within 4% is found indicating that, indeed, the period of

the RDF can be determined to high accuracy from the SF of the lipid tails.

Hence, it is straightforward to calculate the structural properties a, ARPY, and
a,, from the measured SF. Applying the validated equations 7.6 and 7.7 to the
experimental SF (see table 7.1) gives a®P = 5.07A and AP ~ 4.5A. Using the
result that a,, is 9.5% larger than a renders the mean interchain distance under the

experimental conditions to be a®® ~ 5.6 A.

7.7. Dynamic structure factor

7.7.1. Definitions and theory

In order to clarify the nomenclature we first review some definitions needed to inves-
tigate collective dynamics of bilayers. The spatial and temporal density correlation

function is given by

Glr,t) = N-! / &' (!, 0)p(r' +1,1)) (7.8)
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where N is the particle number, and the brackets (- - - ) denote the ensemble average.

In the case of neutron scattering, the corresponding density is given by
p(r,1) = 3 fu (= xa(1) (7.9)

with the position r,(t) of particle n at time ¢, and f,, its nuclear scattering length.
The intermediate scattering function (in some publications termed density cor-

relation function) is the spatial Fourier transform of G(r,t), i.e.,

S(q,t) = /dSreiq'rG(r,t)

= N fufm (explia - [ra(t) =t (0)]}) - (7.10)

n,m

The scattering function in turn is defined as the temporal Fourier transform of
S(q,t), i.e., by

S(q,w) = /oo dwe™S(q, ). (7.11)

Note that S(q,w) is real since S(q,t) = S*(q, —t) holds for the complex interme-
diate scattering function.
For a fluid, it has been shown (248) that according to kinetic theory S(¢,w) can

be decomposed into an infinite set of Lorentzians,

S(q,w) = @ i Re (AJ—(Q)) . (7.12)

Pt iw+ 2;(q)
Here, S(q) is the static structure factor, and the parameters A; and z; are real or
appear in complex conjugate pairs, A_; = A} and z_; = z;. Aj; and z; are not
independent but obey sum rules,

Zi_w Aj(@)[z(@)]" = Ra(q), (7.13)

where Ry(q) = S(q), Ri(q) =0, and Ry(q) = —kpTq*/M with the temperature T
the Boltzmann constant kg, and the particle mass M.

In the hydrodynamic limit, i.e. for wavelengths much larger than the diameter
of the particles, only three Lorentzians contribute to S(¢,w), and the parameters

A; and z; can be expressed in terms of hydrodynamic quantities, which are, e.g.,
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summarized in ref. (248). Then the model consists of a central Rayleigh line (j = 0),
and two Brillouin lines (j = £1), which correspond to the heat mode and two
sound modes, respectively. Therefore, it is usually referred to as the three effective
eigenmode model. It has been argued that it is not the particle diameter o but the
mean free path ¢ that limits the validity of the hydrodynamic equations. Therefore,
for o7 < g < 7', S(q,w) can still be well approximated by three Lorentzians. In
this case however, A; and z; are not determined by hydrodynamic quantities any

more.

In summary, for all cases ¢ < ¢!

S(q) < A;
e = S8 2w ()
(

S(q) 4 Iy FS+(w+ws)tan¢+FS—(w—ws)tan¢
T Ow? + 172 (w+ ws)? + T2 (w— ws)? + T2 ’

A, {
(7.14)

where Ag(q) is the area of the Rayleigh line and A(q) = Re A41(q) the area of
the Brillouin lines. T'y(¢) = 20(¢) and I's(q) = Rezy; are their corresponding
line widths, wy, = Imz; is the sound mode frequency, and tan¢ = Im A;/Re A;

determines the asymmetry of the Brillouin lines.

7.7.2. Comparison to experiment

The dynamic structure factor S(q,w) of lipid bilayers is usually interpreted in terms
of the three effective eigenmode model, i.e. as a sum of a heat and two sound modes
(see methods for more details). Unfortunately, the sound modes are often difficult
to observe in S(g,w) as they show up only as a soft shoulder in the tails of the heat
mode, rather than as a clear excitation maximum. In contrast, in the longitudinal
spectrum defined by Cy(q,w) = (w?/¢*)S(g,w) the multiplication of w? makes the
excitation (sound modes) more easily visible for analysis. Therefore we focus here
on Cy(q,w) as in the literature on simple fluids (250).

The longitudinal spectrum of the chains of a DMPC bilayer in the fluid L, phase
extracted from an MD simulation is shown color-coded in fig. 7.8a. In this plot,
Cy(q,w) has been normalized with respect to its maximum at w,, in the case of a free
gas, O ;(q,wm) = (2/m)2e vy /q, where v2 = kgT /M. As the spectrum is plotted
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Figure 7.8.: (a) Longitudinal spectrum Cy(q,w) normalized with respect to its maximum in
the case of a free gas, Cy ¢(q,wm). (b) Dispersion curve wy,(q) determined by inelastic neutron
scattering (blue) and extracted from the simulation (black), and sound mode frequency ws(q)
determined by a fit to the three effective eigenmode model (red). The width of the sound modes
are indicated as a red shaded area of width 2T's(q) around ws(q).

in arbitrary units the normalization only corresponds to a factor of q. The mode
-1

is dispersive, with a minimum at ¢ ~ 1.4 A , i.e., near the interchain correlation

peak of the static SF, and its shape is in agreement with experimental (231, 233)

and previous molecular dynamics studies (240).

The maxima of Cy(q,w) yield the dispersion curve w,,(q) (fig. 7.8b, black line)
which must be distinguished from the sound mode frequency w;(q) in eq. 7.14. In
the same plot, the corresponding dispersion curve determined by neutron scatter-
ing (233) is shown as a blue curve, and we find good agreement in the g < 21&_1
range. For wavelengths shorter than typical interchain distances (¢ 2 2 A_l), we
find higher frequencies in the simulation compared to experiment. Since the force
field applied in the simulation has not been parameterized to reproduce short wave-
length dynamics, the agreement for ¢ < 2A” is an important cross validation for
the accuracy of MD simulations. The discrepancy between simulation and exper-
iment in the very short wavelength regime is presumably due to the united atom
force field applied for the aliphatic carbons in the simulation. The short range en-
ergy landscape of the force field might lack roughness due to the absence of explicit

hydrogen or deuterium atoms, rendering the dynamics too rapid.
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Figure 7.9.: Longitudinal spectrum Cy(q,w) (black solid line) for three representative wavenum-
bers: close to the hydrodynamic limit (top), at the dispersion minimum, i.e. at the reciprocal
interchain distance (center), and in the very short wavelength regime (bottom). The correspond-
ing fits to the three effective eigenmode model applying constraint in eq. 7.13 with n = 0,1
(shaded dashed line), or n = 1 only (shaded dotted line).

7.7.3. Does the three-effective-eigenmode model hold?

In order to interpret the spectrum in terms of the three-effective-eigenmode model
we have fitted the spectrum extracted from the simulation to eq. 7.14. The fits
turned out to be non-trivial. To perform the fit, it is necessary to choose which of
the sum rules (eq. 7.13) should be applied as constraints during the fit. The choice
is somewhat arbitrary and has also been investigated in experimental studies on
short-wavelength modes in liquid argon (248) and neon (249). The spectrum and
the corresponding fits are shown for three representative wavenumbers ¢ in fig. 7.9
as black and shaded lines. We found that the shape and position of the fitted peak
agrees best with the simulation results if we apply eq. 7.13 with n =0 and n = 1.
In this case, we observed some difference between fit and simulation only for small
w, indicating that the narrow heat mode decays rather like 1/w than 1/w? in the
simulation. When additionally applying the sum rule n = 2, the three eigenmode
model is not suitable to fit the the data. Applying n = 1 (fig. 7.9, dotted line) or
n = 0 only renders an unstable fit which is difficult to reproduce, or the shape of

the fitted peak does not match the simulation.

The sound mode frequency w,(q) resulting from the fit of the three eigenmode
model to Cy(q,w) from simulation is plotted as a red line in fig. 7.8b. The corre-
sponding line width is given as a red shaded area of width 2I'y(¢) around the ws(q).
Three regimes should be distinguished:

¢ —1
(i) For ¢ < 1.2A  the sound mode frequency w;(q) equals the dispersion maximum
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wm(q) of Cy(q,w) indicating that the peak is due to propagation of sound. In the
q<0.7 AT regime, wy increases approximately linearly with ¢ as expected in the
hydrodynamic limit.

(ii) In the ¢ =~ 1.4 AT regime, i.e. for wavelengths similar to a typical interchain
distance, the fit tends to ws, = 0, i.e. to three Lorentzians centered around w = 0.
This indicates a dispersion gap and has also been found experimentally in liquid
neon (249) and liquid argon (248), and has been proposed theoretically for a sys-
tem of hard spheres (247). From our results, the propagation of sound is likely
to show a dispersion gap also in a lipid bilayer. (It should be noted that the fit
does not tend to a propagation gap when applying constraint n = 1 only. In this
case, however, the fit was more unstable and its result was unsatisfactory at the
dispersion minimum ¢ ~ 1.4 A_l, compare fig. 7.9, center.)

(iii) In the range ¢ 2 2.0 A the fit turned out be be unstable, and dependent on
the fitted w range and the starting points. Therefore, we refrained from analyzing

the spectrum with respect to the three eigenmode model for the high ¢ range.

7.8. Conclusion

We have probed the short range order and short wavelength dynamics of a hy-
drated DMPC bilayer by elastic x-ray diffraction, inelastic neutron scattering, and
MD simulations. The combination of experiment and simulation offers a powerful
set of tools to investigate the lipid structure and dynamics in both reciprocal and
real space. Whereas experiments are essential for force field validation and devel-
opments, simulations help to interpret and complement scattering experiments and
can, in turn, initiate further experimental studies.

We stress that the methodology developed here in refining the analysis of scat-
tering experiments by MD simulation can be used in a much more general sense,
in particular also for multi-component membranes.

We have found that the electron density as well as the SF in lateral direction as
determined by simulations agree favorably with experimental results. In particular,
position and correlation length of the interchain correlation peak at ~ 1.39A were
well reproduced in all simulations. Good agreement was also found for the recipro-
cal space mapping of the bilayer representing correlations between tilted lipid tails

and their tilt angle distribution.
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The head groups were found to display correlation, producing a peak at 0.7 2 A
in the SF which is, however, hard to observe in x-ray experiments. In order to
elucidate structural determinants of the head groups of the bilayer we analyzed
RDFs of different components of head groups and identified frequent arrangements
of adjacent lipid molecules. We found that although the head groups, in a first
approximation, are arranged like a densely packed 2D liquid, their asymmetry in-
duces more complex structural arrangements. These act on the sub-headgroup level
and lead to a complex effective energy landscape in which the lipids move. Exper-
imentally, selective deuteration of the molecular components of the head groups
and corresponding contrast variation in neutron scattering of oriented membrane
stacks may be used to further study this issue.

Simulations of DMPC at different areas per lipid could validate analytical expres-
sions that relate the RDF of the lipid tails to their SF. The most likely interchain
distance a, the mean interchain distance a,,, and period ARPF of the lipid tail RDF
can be determined from the SF to very high accuracy. These three quantities proved
to be robust properties of the bilayer, and surprisingly, are independent of the area
per lipid. In contrast, the interchain correlation length ¢ is linearly dependent on
the area per lipid, and might therefore turn out to be a new observable to quantify
the area per lipid.

We found the dispersive mode of the lateral spectrum as determined by MD
simulations to compare well with inelastic neutron scattering experiments, in par-
ticular around the dispersion minimum. At very short wavelengths, the dynamics
in the simulations are presumably slightly too rapid due to the united atom force
field applied. A quantitative analysis of the spectrum in terms of the three effective
eigenmode model is possible, although we do not find agreement over the complete
g-w range. This could be taken as an indication that the collective dynamics of the
lipid chains cannot be fully described by the theory developed for simple liquids.

The issue of a dispersion gap in the propagation of sound remains challenging.
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Tight control of solute permeation across membranes is a common feature of all
living organisms. For this purpose evolution has created a tremendous variety of
membrane channels including the aquaporin family. Aquaporins facilitate the pas-
sive flux of water and other small solutes across biological membranes and have been
found in diverse organisms ranging from archae to humans. Since their discovery
in 1992 aquaporins have been an increasingly active field of research. A number of
high resolution structures could be resolved and permeation experiments elucidated
the diverse characteristics and physiological functions of aquaporins.

The present thesis is aimed at a deeper understanding of the function and se-
lectivity of aquaporins, in particular on a molecular and quantitative level. Such
insight is crucial to understand the manifold physiological functions of aquaporins
and their role in diseases, which is a prerequisite for the development of medical
therapies. A detailed insight into solute permeation is particularly important to un-
derstand the molecular determinants of channel selectivity and may at some point

allow the rational design of functional channels.

CO, permeation through aquaporin-1 The first objective of the present the-
sis was to reveal the relevance of aquaporin-1 (AQP1) as a gas channel, in par-
ticular its putative physiological role as a channel for CO,. Using MD simula-
tion, we calculated potentials of mean force (PMFs) for COy permeation across
AQP1 embedded in a model membrane of POPE (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine). PMFs provide the probability for the solute to be located
at a certain position along the permeation pathway. Therefore they are directly
related to the permeability of the channel and help to identify constriction sites
along the pathway.

PMFs were derived for every possible pathway of a permeating COs molecule.
Since AQPs form tetramers with each monomer contributing one water pore, the

possible pathways include the monomeric water pores, a hydrophobic central cavity
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along the tetrameric axis as well as the pathways through the lipid bilayer. The
simulations revealed a surprisingly large energetic barrier against COy permeation
through the AQP1 water pore, rendering AQP1 a rather inefficient CO5 channel. In
contrast, the POPE membrane turned out to be highly permeable to CO,. These
findings showed that a role of the AQP1 water as a physiological CO5 channel seems
unlikely, at least in membranes similar to POPE.

An intriguing open question in AQP research is the role of the central cavity. For
example, it has been speculated that the cavity may function as an ion pore (259,
260). However, it is unclear whether the central cavity is usually open or blocked
by an ion or some organic molecule. For an open cavity, the simulations revealed
that the permeation of CO, through the hydrophobic central cavity is significantly
more likely than permeation through one of the water pores. Similar to the water
pores however, a significant CO, flux through the central cavity is only expected
if AQP1 is embedded in a membrane with much lower intrinsic CO5 permeability
than POPE.

The energetic picture of Oy permeation through AQP1 turned out to be similar
to the one of CO,. POPE is highly permeable to Oq as well, whereas Oy encounters

substantial barriers when permeating through AQP1, rendering a physiological role
of AQP1 as O, channel unlikely.

The selectivity mechanism of aquaporins and aquaglyceroporins Having es-
tablished that both COs and Oy encounter substantial barriers at the ar/R site
of AQP1, the next efforts were undertaken towards a more general picture of the
selectivity of aquaporins and aquaglyceroporins. To this end, we derived the ener-
getics of a number of solutes permeating through one typical member of the two
AQP subfamily. AQP1 was chosen as a typical AQP water channel and the E. coli
glycerol facilitator GIpF as a representative for the subfamily of aquaglyceroporins.
The selected solutes include urea, glycerol, ammonia, water, COy and O, which
differ significantly in hydrophobicity and size.

The main barrier against any solute permeating through AQP1 or GIpF turned
out to be located at the narrowest part of the channel, termed aromatic/arginine
(ar/R) constriction region. These findings demonstrate the role of the ar/R site
as the selectivity filter for uncharged solutes. For the small solutes ammonia, wa-

ter, CO5 and Oy permeating through AQP1, the simulations revealed a remarkable
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anti-correlation between solute permeability and hydrophobicity. Surprisingly, not
solute—protein but water—protein interactions could be identified as the the molec-
ular mechanism underlying the selectivity filter. Water molecules inside the pore
form strong hydrogen bonds mainly to a conserved arginine, but also to a histidine
and a cysteine which are located at the ar/R site. We showed that these favorable
interactions are reduced upon passage of a solute. The more polar the solute, the
stronger it can interact with the polar protein residues, rendering a lower energetic
cost to replace a water molecule. The larger solutes urea and glycerol were excluded
by size in AQP1. Taken together, the ar/R site of AQP1 forms a filter which allows

the passage of small polar solutes.

The ar/R site of GIpF is slightly larger and more hydrophobic than the ar/R
site of AQP1. This difference has drastic effects on the selectivity characteristics of
the channel as demonstrated by the simulations. The solute hydrophobicity filter
present in AQP1 does not apply in GlpF, rendering GIpF generally less selective
with lower permeation barriers as compared to AQP1. GIpF is an efficient channel
for all considered solutes except for urea. This finding has experimental implica-
tions. To address the permeation of small hydrophobic solutes such as CO5 or NO
through AQP1, we suggest to complement permeation experiments on AQP1 with
experiments using aquaglyceroporins such as GlpF. If permeation occurs along the
AQP1 water channels and not across the lipid bilayer the different ar/R region of
GIpF should drastically increase the permeability as compared to AQP1.

Water flux regulation by a membrane potential Gating and regulation of mem-
brane channels is a fascinating and active field of research. Ion channels are known
to be gated by voltage or ligands (31, 89), whereas several AQPs were reported to be
gated or regulated by phosphorylation and pH (188). The present thesis reported
for the first time on the voltage-regulation of an AQP channel. In the simulation
the permeability of AQP1 could be regulated by ~60% by inverting the membrane
potential. As a regulatory mechanism two distinct conformations of the conserved
Arg195 in the ar/R site of the channel could be identified, an up and a down state
of Arg195. The membrane potential was found to shift the relative populations of
the up and down state towards a more closed channel, rendering a reduced water
flux. The understanding of such regulatory mechanisms on a molecular level is a

prerequisite to design channels with defined characteristics. Whether point muta-
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tions allow to destabilize one of the two states and tune the water permeability of

AQP1 remains an interesting topic for future studies.

AQP1 inhibition by tetraethylammonium The methodology which was devel-
oped for the present thesis to investigate solute permeabilities may be used in
a more general sense, for example to identify binding sites and and binding free
energies of putative inhibitors. As an application with medical implications we in-
vestigated the binding of tetraethylammonium (TEA) to AQP1 and its inhibitory
effect. Through a combination of different computational approaches the binding
site could be identified as a clear energetic minimum. The simulations revealed
that TEA does not bind in terms of the “key in lock” model (219), but rather by
an induced fit motion of the protein (220) to a TEA molecule which is present in
the binding site. In addition, the analysis of the water flux confirmed that TEA
is a moderate inhibitor for AQP1. Such combined computational approaches are
in general an effective tool to predict and to characterize binding sites for ligand
molecules, in particular if co-crystallization is not a routine procedure for the pro-

tein of interest.

Structure and dynamics of lipid membranes MD simulations apply a number of
approximations and must extensively and continuously be validated by comparison
to experimental data. Therefore, the present thesis does not only rely on force
field models but also aimed to contribute to the ongoing force field development
by comparing simulation and experiments in a novel way. A number of structural
and short-term dynamic properties were derived from lipid bilayer simulations and
compared to results from elastic x-ray and inelastic neutron scattering experiments.
Surprisingly good agreement was found, although the lipid force field has not been
parameterized with respect to most of the quantities which were compared. Such
comparisons are an important cross validation of the general methodology of MD
simulations.

In addition to the comparison between simulation and experiments the chap-
ter demonstrated in several ways how simulations can aid the interpretation of
experiments, generating a fruitful interplay between simulation and experiments.
Moreover, a number of new insights into the structure and dynamics of lipid bilay-
ers were presented such as a simple quantitative relation between the area per lipid

and the correlation length of the lipid tail ordering.
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A. Appendix

All partial charges were obtained from electrostatic fitting using the CHELPG
procedure to wavefunctions obtained at the RHF /6-31G* level.

O, topology
e ffoplsnb.itp entry

MOLOXY  BOND_MOLOXY 15.99940 -0.11136 A 0.30291 0.5024
0XY_DUM XXX 0.0 0.22272 D 0.0 0.0
e topology 02.itp
[ moleculetype 1]
; Name nrexcl
02 3
[ atoms ]
; nr type resnr residu atom cgnr charge mass
1 MOLOXY 1 02 001 1 -0.11136 15.99940
2 MOLOXY 1 02 002 1 -0.11136 15.99940
3  OXY_DUM 1 02 0D1 1 0.22272 0.0
[ bonds ]
;ai aj funct cO cl
1 2 1 0.123 251208.0
[ dummies2 ]
; Dummy from funct a
1 2 1 0.5
[ exclusions ]
1 2 3
2 1 3
CO; topology
[ moleculetype 1]
; Name nrexcl
Cc02 3
[ atoms ]
5 nr type resnr residue atom cgnr charge mass
opls_235 1 €02 Co 1 0.937779 0.
2  opls_236 1 €02 00 1 -0.468889 0.
3 opls_236 1 €02 00 1 -0.468889 0.
4 opls_112 1 €02 RM 1 0.0 22.0325
5 opls_112 1 Cc02 RM 1 0.0 22.0325
[ dummies2 ]
1 4 5 1 0.5
2 4 5 1 -0.0862
3 4 5 1 1.0862
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[ constraints ]

4 5 1 0.196

[ exclusions ]

1 2 3 4 5
2 1 3 4 5
3 1 2 4 5

Tetraethylammonium TEA
ffoplsaa.rtp entry for TEA. Topology may be gererated with pdb2gmx.

; Tetra Ethyl Ammonium (TEA)

[ TEA ]
[ atoms ] [ bonds 1]

N opls_940 0.164342 1 N CA1

CA1l opls_943 0.0491847 2 CA1 HA11

HA11 opls_140 0.0644464 2 CA1 HA12

HA12 opls_140 0.0644464 2 CA1 CA2

CA2 opls_135 -0.266175 3 CA2 HA21

HA21 opls_140 0.0990041 3 CA2 HA22

HA22 opls_140 0.0990041 3 CA2 HA23

HA23 opls_140 0.0990041 3 N CB1

CB1 opls_943 0.0491847 4 CB1 HB11

HB11 opls_140 0.0644464 4 CB1 HB12

HB12 opls_140 0.0644464 4 CB1 CB2

CB2 opls_135 -0.266175 5 CB2 HB21

HB21 opls_140 0.0990041 5 CB2 HB22

HB22 opls_140 0.0990041 5 CB2 HB23

HB23 opls_140 0.0990041 5 N CC1

CC1 opls_943 0.0491847 6 CC1 HC11

HC11 opls_140 0.0644464 6 CC1 HC12

HC12 opls_140 0.0644464 6 CC1 CcC2

CC2 opls_135 -0.266175 7 CC2 HC21

HC21 opls_140 0.0990041 7 CC2 HC22

HC22 opls_140 0.0990041 7 CC2 HC23

HC23 opls_140 0.0990041 7 N CD1

CD1 opls_943 0.0491847 8 CD1 HD11

HD11 opls_140 0.0644464 8 CD1 HD12

HD12 opls_140 0.0644464 8 CD1 CD2

CD2 opls_135 -0.266175 9 CD2 HD21

HD21 opls_140 0.0990041 9 CD2 HD22

HD22 opls_140 0.0990041 9 CD2 HD23

HD23 opls_140 0.0990041 9 [ dihedrals ]
CA2 CA1 N CC1
CB2 CB1 N CD1
CC2 CCi N CB1
Ch2 CD1 N CA1l
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