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A limited class of aquaporins has been described to form regular arrays and junctions in membranes. The bi-
ological significance of these structures, however, remains uncertain. Here we analyze the underlying phys-
ical principles with the help of a computational procedure that takes into account protein-protein as well as
protein-membrane interactions. Experimentally observed array/junction structures are systematically (dis)
assembled and major driving forces identified. Aquaporin 4 was found to be markedly different from the
non-junction forming aquaporin 1. The environmental stabilization resulting from embedding into the bio-
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Aquaporin 4 membrane was identified as the main driving force. This highlights the role of protein-membrane interac-
Junction tions in aquaporin 4. Analysis of the type presented here can help to decipher the biological role of
Array membrane arrays and junctions formed by aquaporin.
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1. Introduction

Aquaporins (AQP) are integral membrane proteins of predomi-
nantly alpha-helical composition whose primary function is to me-
diate the transport of water molecules into and out of the cell [1].
A number of additional solutes have been described to also tra-
verse the membrane through AQPs, among them NH; and CO,
[2], glycerol and urea [3], some larger solutes [4] and even anions

Abbreviations: AMBER, a force field and molecular modeling package; AQ, aqueous
domain; AQP1/4, aquaporin type 1 or 4; ESP, electrostatic potential; ff99SB, improved
AMBER force field; GAFF, general AMBER force field; GPU, graphics processing unit;
HC, hydrophobic core domain; JAM, junctional adhesion molecule; MD, molecular dynam-
ics; MM, molecular mechanics; MM/PBSA, molecular mechanics, Poisson-Boltzmann, sur-
face area; MM/PB™ *, a variant of MM/PBSA analysis; NPT, ensemble with constant
number of particles, constant pressure and constant temperature; parm99, standard
AMBER force field; PB, Poisson-Boltzmann; PDB, protein data bank; PH, polar headgroup
domain; PME, particle mesh Ewald summation; POPE, phosphatidylethanolamine; PTRAJ,
process trajectories, a program from the AMBER package; SANDER, central program from
the AMBER package; SHAKE, standard algorithm to accelerate MD by neglecting C-H
vibrations; TIP3P, popular parameterization to describe water molecules

* Corresponding author at: Dipartimento di Chimica “G. Ciamician”, Universita di
Bologna, Via F. Selmi 2, 40126 Bologna, Italy. Tel.: +39 051 209 9578; fax: 439 051
209 9456.

E-mail addresses: siegfried.hoefinger@unibo.it, shoefing@mtu.edu (S. Hofinger).

0005-2736/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2012.04.009

[5]. For protons, however, there is strict conservation of the perme-
ability barrier throughout all classes of AQPs. In this sense AQPs are
fundamental in maintaining the electrochemical potential across
the cell membrane [6].

From the various classes of aquaporins only AQPO and AQP4 have
been reported to form accumulations inside - and junctions in be-
tween adjacent - cell membranes [7-10]. Different splicing variants
appear to be crucial but the general physiological relevance of these
accumulations and junctions remain yet to be determined. Based on
the important role that other junction-forming molecules play in can-
cer cell biology, i.e. JAM [11], occludins, claudins [12,13], this could
open up interesting new avenues for aquaporin research and estab-
lish aquaporin as a new major biomedical target [14]. In addition,
aquaglyceroporins have been implicated in malaria infection and
are currently studied for therapeutic intervention in human forms
of malaria [15].

From a structural-biological point of view membrane proteins still
remain among the most interesting objects to study. They are, how-
ever, challenging targets that require advanced techniques from
both experimental as well as theoretical methods [16-21]. One key
element is the significant reduction in conformational flexibility
resulting from the strictly oriented encapsulation into the two-
dimensional lipid bilayer. Nevertheless, most mechanistic questions
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can still not be addressed at atomic scale resolution because of con-
siderably large system sizes and the extended time scales of biological
processes. Computer simulations can sometimes overcome these dif-
ficulties. They have been shown to provide insight into molecular
level details that were otherwise difficult to obtain [19-23].

Here we use a simple computational model [24] to study mem-
brane incorporation of AQPs in different geometric arrangements.
Only by such a rigorous reduction in model complexity can these
huge assemblies be studied in a systematic way. We don't consider
our results strictly significant in quantitative terms, but merely
want to study trends, for which the applied method offers the great
advantage, that interactions can be clearly split into protein—protein
and protein-membrane types.

2. Methods
2.1. Structural set up of aquaporin complexes and junctions

Crystal structures for the aquaporins were obtained from the Pro-
tein Data Bank [25] (PDB ID: 2D57, 1J4N) and tetramers assembled
following remark 350 within PDB files. The crystal structure for
AQP4 (PDB ID: 2D57) included residues Thr31 to Pro254 while that
for AQP1 (PDB ID: 1]J4N) contained residues Met1 to Ser249. Simple
geometric operations, such as translations or rotations within the
membrane plane, were performed with the help of basic scripts de-
veloped in-house. Structural superpositions were computed with
program PTRAJ from the AMBER package [26]. For disintegrating tet-
ramers, the final snapshot geometry was extracted from an MD tra-
jectory (see Section 2.2 below), the central symmetry axis
determined, and individual centers of aquaporin monomers concen-
trically moved out in increments of 1.5 A. This series was subsequent-
ly augmented by a set of explicitly chosen distances to make
evaluation profiles look smooth, for example 0.8, 2.3, 3.5, 40 A in
the case of AQP4x4. All model-built structures were first minimized
(2000 steps, program SANDER [26]) before they became subject to
MM/PB* * calculations (see Section 2.4 below). A similar strategy
was adopted to systematically scan the free energy surface for a pair
of aquaporin tetramers except that geometric transformations were
different, i.e. comprised rotations about angles, €0°,22° 44°,67°,80°,
and perpendicular translations about distances, d, (3 choices) and e
(approx 18 choices), in increments of 7 A. Additional structures
made up of 5 units of AQP4 tetramers forming a membrane junction
or array were finally set up manually using the geometric relation-
ships of Fig. 4 from Ref. [7].

2.2. Molecular dynamics simulations of aquaporin tetramers

Initially prepared aquaporin tetramers using the parm99 force
field (see previous Section 2.1) were soaked in boxes of explicit
POPE lipids [27] and adjacent water based on GAFF parameters [28]
and TIP3P [29]. All MD simulations were performed with the
AMBER package [26] version 10 and 8 using periodic boundary condi-
tions and rectangular simulation cells of dimension 160 Ax 158 A x
144 A (AQP1) or 110 Ax110 Ax 110 A (AQP4). This translates into
actual system sizes of 526 POPE lipids and 74.738 water molecules for
AQP1 and 141 POPE lipids and 24.825 water molecules for AQP4. The
particle mesh Ewald method (PME) [30,31] was applied using default
grid spacing and a real space direct sum cutoff of 10 A (AQP1) or 12 A
(AQP4). The SHAKE algorithm was applied [32] and the integration
time step was set to 1 fs. Systems were minimized and heated to the
target temperature of 310K and target pressure of 1atm within
100 ps followed by several ns of equilibration MD. Production MD sim-
ulations were extended to 120 ns (AQP1x4) or 40 ns (AQP4x4) respec-
tively. The NPT ensemble was employed using Berendsen coupling to a
baro/thermostat (target pressure 1 atm, relaxation time 0.2 ps). Post
MD analysis was carried out with program PTRA]J [26].

2.3. The biomembrane mimicry approach

Environmental free energies, AG*™, were computed according to
the biomembrane mimicry approach [24](AQ: aqueous domain mod-
eled by water, PH: polar headgroup domain, 10 A, modeled by ethanol,
HC: hydrophobic core domain, 30 A, modeled by cyclohexane; also see
Fig. 3). Biomembrane mimicry itself is inspired by the experimental
measurements of Ashcroft et al. [33]. Internal dielectric constants
were set to 1.0 in conformance with the original parameterization. Ex-
perimental measurements have suggested modestly increased values
for water-soluble proteins [34]. Required molecular mechanics (MM)
parameters were taken from the AMBER force field [26]. Scaling param-
eters were applied as reported previously [24]. Cavitation terms, how-
ever, needed re-adjustment for the large volumina studied here in
order to satisfy multiple monomer degeneration, i.e. AGgeiramer=
4% AGSY smer, hence the following formula was employed, AG = k51>,
with r = (%)% the effective radius (in A) and solvent-specific parame-
ters, ks, obtained from re-fitting previously established reference
data [24]. Updated coefficients are k¥®€ =0.246, kyehal=0193,
kgthanol — 0,188, k3 —°c@nol=0.152 and k§ "**€=0.122 and all of
them are appropriate for ambient temperatures of 300 K yielding
cavitation free energies in units of kcal/mol.

2.4. PBT * binding free energies, a variant of MM/PBSA analysis

A combination of MM energies with solvation free energies
obtained from extended Poisson-Boltzmann (PB) calculations can
be useful to estimate binding free energies of protein complexes in
solution (the MM/PBSA approach [35,36]). Such implicit models in
general and PB in particular appear to have advanced to a rather ma-
ture state [37-42] barring exceptional cases that may require special
treatment [43-45]. Immediate refinements/improvements are simply
introduced via an extra layer of explicit solvent/environmental
molecules [39,46,47]. MM/PBSA has recently been extended to study
complexation in the complicated environment of the biomembrane
[24,16,48]. Hence the PBSA term was replaced with AG®™ (see
previous Section 2.3) leading to AGMY/™" " free energies. Required molec-
ular surfaces were all computed with program SIMS [49]. Corresponding
molecular mechanics (MM) energies were computed based on AMBER
ffo9SB parameters [50] using no cutoff, ie. including full Coulomb
interaction.

2.5. High performance GPU implementation for large scale problems

Many of the problems studied here are of exceptionally large scale
and require significant allocation of computational resources. For ex-
ample, the structure composed of 5 AQP1 tetramers is made up of
4980 residues, which translates into 75.360 atoms and ~509.000
boundary elements. High performance implementations of the re-
quired analysis tools were therefore of considerable importance.
Large scale problems of this type are nowadays frequently computed
on the GPU [51-55]. The available GPU implementation of the afore-
mentioned PB program [56,57] therefore proved indispensable to
this study.

3. Results

3.1. Molecular dynamics simulations reveal a flexible helical element at
the lipid water interface that involves key residues of junction formation
in AQP4

A tetramer composed of four units of AQP4 was studied by long
term MD simulation in an environment made of explicit lipids and ex-
plicit water, i.e. a model membrane. The final structure was extracted
from the trajectory (= 40 ns) and individual units were superimposed
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on a reference monomer chosen arbitrarily. Results are summarized in
Fig. 1 (individual AQP4s in different colors). The overall impression is
that the tetramer structure is kept in a rather rigid state with the ex-
ception of flexible loops at the interface and a short flexible a-helical
element opposite the N/C-termini (indicated in white). Interestingly,
this is the location of observed junction formation (residues Pro139,
Val142, see Fig. 4 in Ref. [7] and Fig. 7 in Ref. [58]). The increased flex-
ibility of this element (a 31 helix) has been observed previously [10].
For comparison, the same type of analysis was also carried out for the
AQP1 tetramer which is known to not form junctions or arrays in the
biomembrane. Results based on the final snapshot of a ~120 ns MD
simulation are shown in Fig. 2 and reveal similarly rigid relationships
except for a short a-helical element (shown in white in Fig. 2a) that
is located close to the C-terminus.

3.2. Direct interactions between AQP4 monomers are the main driving
forces in AQP4 tetramer formation

Tetramers have been established as the most stable conformation
for all classes of AQPs. To analyze actual driving forces of tetramer for-
mation, the AQP4 tetramer was disassembled incrementally and indi-
vidual structural poses studied within the MM/PB* * approach (see
Section 2.4). The latter is a variant of computing binding free energies

and in this present case the “binding” refers to the free energy differ-
ence, AG, between the fully established, membrane-embedded, AQP4
complex and the sum of all its constituents, also membrane-
embedded, but isolated and not interacting with each other. The
exact pathway of (dis)assembling the AQP4 tetramer is graphically
explained in Fig. 3a and corresponding AG trends are summarized
in Fig. 3b. The overall effect (red curve) may be decomposed into a
contribution resulting from bare protein-protein interactions (green
curve) and another contribution resulting from protein-membrane
interactions (blue curve). All contributions tend to zero beyond a ra-
dial separation of r>10 A, hence AQP4 tetramer assembly is a short-
range process. The actual driving force is protein-protein interaction
(see negative sign and trend of the green curve), whereas protein-
lipid interactions would actually cause the tetramer to disintegrate
(see positive sign and trend of the blue curve). The same type of anal-
ysis was also carried out for AQP1 tetramer formation and results are
summarized in Fig. 3c. In contrast to AQP4, tetramer formation in
AQP1 appears to be long-ranged and driven by the biomembrane
with comparable overall stabilization between both forms (compare
magnitude of AG at r=0 A in Fig. 3b-c). Tetramer stabilization in
AQP4 has been reported to result from the enhanced influence of
loop A (connecting both initial helices at the N-terminus) [10]. The
present approach can yield further insight into the driving principles

Fig. 1. Structural dynamics of individual AQP4 monomers in a tetrameric complex studied by MD simulation with explicit consideration of the membrane environment. (a) Final
snapshot of a 40 ns MD simulation showing individual AQP4 monomers, &, B, , 8, in different colors. Structural variation is mainly seen in a short a-helical element (given in white)
opposite the N/C-termini. Interestingly, this coincides with the site of observed junction formation (residues Pro139, Val142, see Fig. 4 in ref [7] and Fig. 7 in ref [58]). (b-d) Su-
perposition of always two AQP4 monomers isolated from the tetrameric complex shown in (a). N- and C-terminal ends are indicated and the more flexible a-helical element is

oriented towards the top right corner in individual panels.
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Fig. 2. Comparison to the non-junction-forming tetrameric complex of AQP1 again studied by MD simulation with explicit consideration of the membrane environment. (a) Final
snapshot of a 120 ns MD simulation showing individual AQP1 monomers, &, B, v, 8, in different colors. A short a-helical element close to the C-terminus becomes the center of
conformational change (indicated in white). (b-d) Superposition of always two AQP1 monomers isolated from the tetrameric complex shown in (a). N- and C-terminal ends
are indicated and the more flexible a-helical element points towards the bottom left corner (panels b-d).

of tetramer formation. Examination of the partial terms of AG plotted
in Fig. 3b-c revealed a dominant role of Coulomb interactions, both
for the AMM as well as for the APB** term (with opposite sign) in
either the AQP4 tetramer as well as the AQP1 tetramer. In AQP4x4
the extracellular face (i.e. the location of the 3/10 helix opposite the
N/C termini) shows a remarkable accumulation of negatively charged
amino acids. For the trend seen in Fig. 3b the cytoplasmic interface of
the AQP4 tetramer offers a plausible explanation. On each AQP4
monomer a group of 4 charged amino acids (Asp179, Lys181,
Arg182, Asp184) becomes located close to the 4-fold symmetry axis.
For densely packed monomers there will be favorable Coulomb at-
traction between these residues which is missing when considering
four individual AQP4 monomers independently. At the same time
the effective net charge for polarization effects will be neutralized to
a certain extent leading to both the trends seen in Fig. 3b. In contrast,
the AQP1 tetramer exhibits a remarkable shift towards a positive net
charge (44 per monomer based on pdb structures 2D57 and 1J4N).
Most notably, along the tetramer axis there is a significant introduc-
tion of positive charge via residue alterations Glu63Thr, Leu72Lys,
Ser180Arg and Thr183Arg (see alignment in Fig. 1 of Ref. [10]). Such
a characteristic “line” of positive charges on each AQP1 unit oriented
towards the tetramer axis gives rise to considerable Coulomb repul-
sion and will be noticed over far distances. At the same time instead
of a “neutralizing” effect of unlike charges in the case of AQP4x4 the

accumulation of like charges will lead to an enhancement of polariza-
tion effects in the AQP1 tetramer, hence explaining both the trends
seen in Fig. 3c.

3.3. The biomembrane plays a decisive role when forming arrays and
Jjunctions made of AQP4 tetramers

Free energy calculations were also carried out for array/junction
forming assemblies taking into account increasing numbers of AQP4
tetramers according to the schematic shown in Fig. 4a-b. This ar-
rangement corresponds to the experimentally observed formation
of a junction forming group of AQP4 tetramers (see Fig. 4 in Ref.
[7]). Note that only when adding the 5th item (yellow unit in
Fig. 4a-b) a second membrane layer gets involved and a membrane
junction is actually formed. An alternative arrangement is also tested
where in contrast to the junction forming constellation the 5th item
is positioned inside the same membrane layer in register with all the
rest of the AQP4 tetramers thus forming a regular array (item 5a in
Fig. 4).In general a big gain in free energy is observed when assembling
a group of four AQP4 tetramers (Fig. 4c, red squares). The biomem-
brane (blue triangles in Fig. 4c) is the main driving force while pro-
tein-protein interactions (green disks in Fig. 4c) continue to grow
(disfavor) steadily with increasing size of the array/junction. The plot
is showing a trend inversion introduced by the biomembrane when
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Fig. 3. Free energy of tetramer formation as a function of concentric radial separation of individual aquaporin monomers. (a) Schematic explanation of the computational exper-
iment carried out. Three domains are distinguished in the biomembrane mimicry approach [24,16,48], i.e. AQ (aqueous domain modeled by solvent water), PH (polar headgroup
domain simulated by solvent ethanol) and HC (hydrophobic core domain mimicked by solvent c-hexane). In the native conformation, the center of mass (COM) of individual aqua-
porin units are all located on a circle (r=0, solidly colored aquaporin units). Moving out all the individual aquaporins simultaneously onto larger concentric circles gives rise to a
series of conformations describing a disintegrating aquaporin tetramer (r> 0, transparent aquaporin images). (b) Free energies, AG (red) [16,48,35], of AQP4 tetramer formation
decomposed into environmental free energies (blue) accounting for the effect of the biomembrane, as well as direct interaction energies (green) taking into account direct
inter-AQP4 interaction. A rather short-ranged process becomes evident (all contributions~0 for r>10A) mainly driven by direct attraction between individual AQP4 units
(green). Free energies, AG, are to be seen as the difference between G(tetramer) and 4 G(isolated monomer). (¢) Analogous to (b) but applied to AQP1 tetramer formation. Contrary
to the AQP4 case, here formation seems to be long-ranged and driven by the biomembrane.

adding the 5th tetramer. In a relative sense, the junction forming as-
sembly is preferred over the planar array of 5 AQP4 tetramers (com-
pare dotted with solid lines for items 5/5a in Fig. 4c). This is despite
the fact that inter-tetramer repulsion is decreased for the junction
forming assembly. The decisive factor turns out to be again the bio-
membrane (compare position of open and closed triangles in
Fig. 4c). However, adding the 5th unit appears to be a costly process
anyway, regardless from which site the AQP4 tetramer is actually
approaching. The profile in Fig. 4c suggests that AQP4 tetramers are
first grouped into local arrays made of 4 symmetrically arranged
AQP4 tetramers. Subsequently these local arrays may then join to
form higher order assemblies of larger clusters and intermembrane
junctions.

In order to contrast these findings to the situation of a non-
junction (nor array) forming case we assembled AQP1 tetramers in
identical geometry to the AQP4 tetramer complex. This may be
regarded a special case of random arrangement for AQP1 tetramers
(that do not form arrays) because from the infinite number of possi-
ble choices for such a random arrangement, restriction to just one
particular case should be equally valid for any of the possible choices,
hence the regular pattern may be taken into account equally well as
any of the other random arrangements. Free energies of assembly for-
mation revealed a markedly different picture for AQP1 tetramers
(Fig. 5a, red squares). None of the assemblies show favorable free en-
ergy of array formation and the repulsive inter-tetramer potential

rises much steeper compared to AQP4 (compare covered AG range
in Fig. 5a with that in Fig. 4c). Even the apparent off-leveling for the
5a conformation (still ~+500kcal/mol) may be regarded more a nu-
merical effect (at this problem size) rather than a true physical signa-
ture. Moreover, the further we have to go to the right in the assembly
profile (Fig. 5a) to detect a first favorable AG, the more unlikely the
corresponding assembling scenario will be, because it requires spon-
taneous coordination of larger and larger numbers of tetramers out of
random arrangement into exactly that complex geometry. Note that
AQP1 tetramers have been observed to form regular arrays in 2D crys-
tals under physiological in vitro conditions [59,60]. However, the geo-
metric arrangement was markedly different to the one tested here
and tetramers were clustering densely and face-parallel inside the bi-
layer. In addition, individual AQP1 tetramers were identified to orient
themselves in antiparallel fashion inside the 2D crystals [61].
Additional analysis was carried out with respect to the surface ap-
pearance of membrane-embedded AQP4 tetramers. For this purpose
electrostatic potential (ESP) maps [57] were computed and graphical-
ly illustrated in Fig. 5b. Note that these ESP maps specifically respect
the varying chemical environment of the biomembrane [33] (i.e. HC,
PH, AQ domains, see schematic in Fig. 4a) which is a design principle
of the membrane mimicry approach [24]. ESP maps for AQP4 tetra-
mers indicate extensive areas of negative potential (red sections en-
code =~—5 kgT/q.;) except for a sizeable patch of positive potential
in the vicinity of the N/C termini of one particular AQP4 monomer
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Fig. 4. Array/Junction formation of membrane-embedded AQP4 tetramers. (a) Schematic representation of the studied system of AQP4 tetramers (with arbitrarily assigned number
tags) forming a membrane array/junction (compare to Fig. 4 in ref [7]). (b) Top view of (a). (c) Free energies, AG (red) [16,48,35], of array/junction formation decomposed into
membrane contributions (blue) and direct interaction between AQP4-tetramers (green). The array/junction is systematically assembled by stepwise adding AQP4-tetramers as in-
dicated from the corresponding number tag on the x-axis. An alternative position is studied for the 5th item (5a, dotted lines). Free energies, AG, are again to be seen as the dif-
ference between assembled complex and the sum of all components considered isolated. Main characteristics are (i) a trend inversion triggered by the biomembrane when
adding the 5th unit (see kink in red and blue curves), (ii) a rather linear course of disfavoring direct interaction energies even across membrane layers (i.e. when adding the
5th unit on top), (iii) only a “late” effect of membrane-stabilization (i.e. up to the 3 rd AQP4 tetramer the biomembrane (blue) is actually destabilizing). (iv) energetic preference
for an array composed of four AQP4 tetramers entirely driven by the biomembrane. (v) relative advantage of the junction- over the array-pattern when adding the 5th unit (yellow,

full versus dotted lines).

(blue ~+5 kgT/qe;). With such an alternating ESP map the develop-
ment of a highly symmetric assembly pattern (like an array or junc-
tion) becomes much more rational. The structural explanation for
such a local variation in ESP maps is a temporary conformational im-
balance of pairs of Lys/Arg residues with one particular pair adjusting
itself parallel to the tetramer axis while all other ones remaining
equatorial at the tetramer interface (dark blue sidechains in Fig. 5¢).
As a consequence, subtle dislocations of solute charges are introduced
leading to the alternating sign in ESP. For comparison, ESP maps were
also computed for the membrane-embedded AQP1 tetramer and re-
sults are shown in Fig. 5d. Here the surface ESP maps reveal extensive
areas of positive potential and show alternations in sign only to a
minor extent.

3.4. A systematic scan of the free energy landscape of a pair of AQP4
tetramers does not identify the geometry of arrays observed in crystals

A pair of AQP4 tetramers was probed in various geometric ar-
rangements and the free energy landscape explored in a systematic

way. Three parameters were used to describe the conformational
landscape of tetramer pairing (Fig. 6a) and results are summarized
in Fig. 6b. Center—center distances were found to show a general min-
imum around ~73A but the perpendicular off-shift did scatter over a
wide range (parameter e in Fig. 6). Globally, the overall minimum did
not correspond to the native geometry (referring to Fig. 4 in Ref. [7]).
Consequently, the consideration of an isolated pair of AQP4 tetramers
appears to be insufficient to describe the overall organization of an
array, thus biological assembling may likely be a cooperative process
involving multiple AQP4 tetramers simultaneously.

4. Discussion

A simple computational analysis [24] was carried out to character-
ize arrays and junctions of membrane-embedded AQP4 tetramers [7].
The characteristic driving force was identified as the environmental
stabilization resulting from membrane embedding. Direct interac-
tions between individual AQP4 tetramers showed a steady increase,
hence were actually counter-productive to array/junction formation
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Fig. 5. Comparison with AQP1 and ESP maps for membrane embedded AQP4/1 tetramers. (a) Free energies, AG (red) [16,48,35], of dummy-cluster formation for increasing num-
bers of AQP1-tetramers in similar arrangement to AQP4 (number tags indicate identical positions to those shown in Fig. 4). AG is decomposed into direct interaction between AQP1-
tetramers (green) and protein/lipid contributions (blue) and needs to be regarded relative to an equal number of isolated non-interacting tetramers. The process is dominated by
steadily increasing unfavorable interaction between individual AQP1-tetramers. (b) Electrostatic potential maps (ESP) [57] for the membrane-embedded AQP4 tetramer. ESPs are
evaluated at the molecular surface and color-coded as follows, + 5 kzT/q.; (blue), +2.5 kgT/q.; (light blue), O kgT/q. (green), —2.5 kgT/qe (yellow) and — 5 kgT/qe; (red). Terminal
ends are indicated by green (N-term) and yellow (C-term) spheres. (¢) Temporary conformational imbalance of Lys/Arg pairs in individual AQP4s forming a tetramer. Here the pair
of the final unit is oriented parallel to the tetramer axis whereas all other pairs remain equatorial at the tetramer interface. This results in subtle dislocations of solute charges lead-
ing to a locally distinct ESP pattern of even opposite sign (see the extended blue patch in (b)). (d) Electrostatic potential maps (ESP) [57] for the membrane-embedded AQP1 tet-

ramer. ESP color coding as in (b).

(compare blue triangles to green disks in Fig. 4c). The major assembly
pattern was revealed as a symmetric local array made of 4 units of
AQP4 tetramers. This is interesting because it hints at a characteristic
dynamical aspect of array/junction formation, i.e. first form local ar-
rays of 4 tetramers, then join these local arrays to form larger assem-
blies like clusters and junctions. It is intriguing to observe a fractal
growth pattern - 4 AQP4s form a tetramer, 4 tetramers form a local
array - which prompts one to speculate, “will larger clusters again
be made of 4 local arrays, i.e. 16 AQP4 tetramers?”

While the largely uniform ESP pattern of a single AQP4 tetramer
(Fig. 5b) fits perfectly well with the growing repulsion seen with larger
tetramer assemblies (Fig. 4c), the formation of any type of regular
structure appears to become increasingly difficult (why should objects
that just repel each other integrate themselves densely into a highly
symmetric grid). The localization of oppositely charged ESP patches

caused by differently oriented Lys/Arg sidechains offers a possible
explanation to this problem (Fig. 5¢). Moreover, the remarkably large
gaps between individual AQP4 tetramers (=~10A) also appear to result
from such an interplay between orientation and repulsive interaction.
Since the non-uniform ESP pattern was also seen in AQP1 (Fig. 5d) sim-
ilar principles may apply in regular in vitro arrays of the latter [59,60].
Structural implications of junction forming residues adjacent to Pro139
have recently been analyzed revealing an important co-stabilization
mediated by lipid components [58].

It will be interesting to apply the same technique also to AQPO
which has been reported to form another junction, however of re-
markably different geometry, i.e. two stacking tetramers [62] (also
see Fig. 2 in Ref. [7]). Potentially discovered analogies and similarities
could help to establish a more general picture of array/junction for-
mation in aquaporins.
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Fig. 6. Systematic free energy scan for a pair of AQP4 tetramers inside the biomembrane. (a) Schematic representation of the three variables d, e, o, used to describe various relative
orientations of a pair of AQP4 tetramers inside the biomembrane. d and e are center-center distances resolved in increments of 7 A. The angle a describes relative rotational con-
formers and 5 values have been chosen arbitrarily. (b) Association free energies [16,48,35], AGMM/PB* for a pair of AQP4 tetramers as a function of relative geometric orientation.
Free energies must be regarded as the difference between the complex and two isolated tetramers stand-alone. Each of the five avalues give rise to an own independent free energy
surface (shown as separate plots). Positions and coordinates of local minima are indicated by arrows. There is a general preference for d =73 A but e scatters over a wide range. The
required symmetry for e~ 0°~ 80° e~ 22° ~ 67°and partially visible. However, the native geometry (referring to Fig. 4 in Ref. [7]) is not detectable by this approach. Consequently,
considering just a pair of AQP4 tetramers is not sufficient to describe the overall organization inside the biomembrane hence, (in agreement with the data shown in Fig. 4), the in
vivo situation may likely be a cooperative process involving multiple AQP4 tetramers simultaneously.
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5. Conclusions

A simple computational procedure is capable of discriminating
array/junction-forming AQPs from non-array/junction-forming ones
by estimating association free energies (red graphs in Fig. 4c and
Fig. 5a). The major driving force is identified as the stabilization
resulting from membrane embedding. Energetically, a group of 4
AQP4 tetramers assembles together locally in a single membrane
layer to form the most stable conformation.
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