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ARTICLE INFO ABSTRACT
Article history: Aquaporin-4 (AQP4) is the predominant water channel in different organs and tissues. An alteration of its phys-
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target with a promising therapeutic and diagnostic potential. Molecular dynamics (MD) simulations performed
on the AQP4 tetramer embedded in a bilayer of lipid molecules allowed us to analyze the role of spontaneous
fluctuations occurring inside the pore. Following the approach by Hashido et al. [Hashido M, Kidera A, Ikeguchi
Keywords: M (2007) Biophys J 93: 373-385], our analysis on 200 ns trajectory discloses three domains inside the pore as
Water transport key elements for water permeation. Herein, we describe the gating mechanism associated with the well-
AQP4 known selectivity filter on the extracellular side of the pore and the crucial regulation ensured by the NPA motifs

Aquaporins (asparagine, proline, alanine). Notably, on the cytoplasmic side, we find a putative gate formed by two residues,
Molecular dynamics namely, a cysteine belonging to the loop D (C178) and a histidine from loop B (H95). We observed that the spon-
Gating taneous reorientation of the imidazole ring of H95 acts as a molecular switch enabling H-bond interaction with

C178. The occurrence of such local interaction seems to be responsible for the narrowing of the pore and thus
of a remarkable decrease in water flux rate. Our results are in agreement with recent experimental observations
and may represent a promising starting point to pave the way for the discovery of chemical modulators of AQP4
water permeability.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Water homeostasis is crucial for the physiology of all living cells. De-
pending on their lipid composition, all biological membranes have some
intrinsic water permeability. However, in several tissues, water trans-
port is strongly facilitated by the presence of protein channels called
aquaporins, which mediate an osmotically driven bidirectional water
flux [1].

Among the aquaporin family members, aquaporin-4 (AQP4) is the
principal water channel in the central nervous system (CNS) [2-4]
and is mainly expressed in areas in close contact with the cerebrospinal
fluid or the blood vessels, as in cell plasma membranes of astrocytes [5].
From a structural point of view, it is characterized by six transmem-
brane helices forming a water-selective pore [6] (Fig. 1). Two different
human isoforms of AQP4 have been identified, namely, M1 (32 kDa)
and M23 (30 kDa). They share identical extracellular domain residues
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but M1 comprises 22 more amino acids at the cytoplasmic N terminus
[7,8]. These isoforms are structured in the membrane as heterotetramers,
with each monomer containing its own channel whose mechanism is in-
dependent from the others [9]. These tetramers may, in turn, aggregate
to form supramolecular structures known as orthogonal arrays of parti-
cles (OAPs) [10-12].

It is now generally agreed that an alteration of AQP4 functionality
plays a critical role in deafness [13,14] as well as in the formation of
brain edema [15,16], nowadays considered the leading cause of mortal-
ity due to head trauma and stroke [16]. A well-controlled brain water
homeostasis is, thus, of utmost importance for the stability of neuronal
function, as recently pointed out by several studies [2,14,17,18]. Never-
theless, current treatments are limited to the administration of
hyperosmolar agents as well as to neurosurgical decompression in
order to extract brain water [19-21], while approaches based on mole-
cules selectively biasing AQP4 functionality are still missing. Indeed,
among the few molecules thus far identified as being able to interfere
with AQP4 water permeability, most showed high toxicity and low se-
lectivity [22-24]. In this context, an in-depth understanding of the
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Fig. 1. 2D sketch of AQP4 structural elements.

water permeation mechanism in AQP4 is therefore strongly pursued in
order to provide the basic knowledge for the development of rational
approaches to drug design.

In this respect, the intense research efforts of the last years allowed to
clarify, at the molecular level of detail, many issues related to the water
flux mechanism in AQPA4. It is commonly accepted that water permeabil-
ity in AQP4, as well as in other aquaporins, is regulated by the presence of
two oppositely oriented NPA motifs (asparagine, proline, and alanine;
see Fig. 2) constituting a filter region in the middle of the channel
[25-29]. Notably, because of its capacity to create a large electrostatic
barrier, this region is able to contrast the proton permeation through
the pore (proton exclusion mechanism) [28]. This selectivity is achieved
by the formation of protein backbone collective macrodipoles. Together
with the NPA region, the aromatic/arginine filter (ar/R) domain, also
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Fig. 2. X-ray solved structure of human AQP4 (PDB code 3GD8). Histidine at position 95
(H95), cysteine at position 178 (C178), important residues in the ar/R constricted selectiv-
ity filter (H201 and R216) and NPA motifs regions are rendered as sticks. Water molecules
inside the pore are shown as spheres.

named selectivity filter (SF), which comprises residues H201 and R216
of AQP4, contributes to the proton permeation barrier [30] and is also
critical to hindering the passage of other solutes mainly through a spatial
restriction mechanism [31]. A complete free energy profile of the AQP4
channel was recently obtained by Cui and Bastien [32] on the basis of
the Brownian dynamics fluctuation-dissipation theorem (BD-FDT)
[33]. The emerged picture confirmed that, while the SF domain is re-
sponsible for water selectivity based on size constraints, the NPA motifs
correspond to the maximum of the free-energy profile and hence regu-
late water permeation. Although this model is able to explain the
water selectivity of the pore, some aspects, especially those related to
water flux regulation, are still obscure. Indeed, experimental evidences
suggest that eukaryotic aquaporins are frequently regulated post-
translationally by gating mechanisms. Changes in divalent cation con-
centrations [34-36], in pH [34,35,37] and in osmolality [38,39] were
proved to directly affect water permeability. Moreover, phosphorylation
of conserved serine or threonine residues was also suggested to play a
critical role in the gating of several aquaporins, including AQP4 [40,41].
Based on these assumptions, the water flux regulation might be causa-
tively associated with the conformational change of a protein portion
switching the opening/closure of the channel in response to a given ex-
ternal action. Importantly, Térnroth-Horsefield et al. provided new
structural insights into eukaryotic aquaporin regulation through an in-
depth analysis and comparison of the available X-ray structures [42]. Ac-
cording to this study, the water flux regulation could be related to the
presence of a narrow constriction site at the cytoplasmic entry. Actually,
the authors highlighted that this is clearly evident in different eukaryotic
aquaporins such as SoPIP2;1, AQPO and Aqy1. However, it was reported
that the “water pore is undoubtedly open” at the cytoplasmic side in the
crystal structure of human AQP4 (PDB code 3GD8 [6]). Beyond the mere
analysis of the crystals, molecular dynamics (MD) simulations proved ef-
fective to obtain insights into the gating mechanism in aquaporins [43,
44], as recently reported by Janosi and Ceccarelli [45], who showed a
tap-like mechanism at the cytoplasmic end (CE) of AQP5 where the
channel is closed by a translation of a histidine residue inside the pore.
Such hypothesis relied not only on the analysis of the possible constric-
tion effect of this local translation on the channel (analysis of the pore ra-
dius) but also on the calculation of the osmotic permeability (hereafter
referred to as py; see references [46,47]) in the resulting different states
(open and closed). In order to connect this scalar quantity to possible
variations of the channel structure, the authors used a methodology pro-
posed by Hashido et al. [47], which allows the description of contribu-
tions from local regions of a water channel to pf based on MD
simulations.

In the present study, we carried out MD simulations on the AQP4 tet-
ramer and analyzed the obtained long trajectories following the same
protocol used by Janosi and Ceccarelli [45]. We identified spontaneous
fluctuations at the cytoplasmic end of the channel and assessed their in-
fluence on both water permeability rate and pore radius. The obtained
results are supported by experimental evidences and allowed us to hy-
pothesize a new gating mechanism for AQP4, hence providing valuable
insights into the water regulation of this protein channel.

2. Results

All the results shown in the present section were obtained analyzing
the calculated MD trajectory (195 ns at 310 K after 5 ns of equilibration).
The MD simulations were carried out on the AQP4 tetramer embedded
in a bilayer of lipid molecules (Fig. 3; see Materials and methods for sim-
ulation details). This section is organized as follows: first, we present the
local osmotic permeability (p;;) computed along the z-axis for all the
monomers. Next, the time-dependent evolution of two representative
distances and the local constriction indicators (LCIs) are discussed in
order to identify the occurring local fluctuations inside the pore and
their corresponding different states. Finally, selected representative
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Fig. 3. Lateral (a) and top view with monomer labeling (b) of the simulated system. Water
molecules are removed for simplicity. Each monomer of the tetramer is shown in a differ-
ent color.

portions of simulations are analyzed taking into account the differences
in terms of osmotic permeability and average pore radius.

2.1. Computation of the local osmotic permeability

The trajectory was subdivided in time intervals of 5 ns each, and the
pjj matrix was calculated for each monomer and each time interval. The
z-axis was defined as the normal to the phospholipid bilayer with the
origin in the position of the alpha carbon atom of residue A192 and
pointing to the extracellular side. Fig. 4 shows the time evolution of
the local osmotic permeability (diagonal elements of p; matrix) for
each monomer along the z-axis of the channel. The four channels be-
have independently and offer a glimpse of the possible scenarios for
water permeation in AQP4. Although the starting conformations of the
channels are all open (characterized by the red color along the z-axis),
a partial closure of the pore occurs at different times. This closure is lo-
cated on the cytoplasmic side of the pore at negative values on the z-axis
and is quite persistent in three out of four channels, as far as the time
span of our simulations is concerned. A second, less persistent, event
of water permeation impairment is triggered by a decrease of the per-
meation matrix element in a region that is close to the extracellular
side and corresponds to the well-known selectivity filter. These results
suggest the existence of a gating mechanism that is located at the bot-
tom of the pore, close to the cytoplasmic end. This putative gating mech-
anism at the cytoplasmic end appears to be quite different from the
selectivity filter on the extracellular side since it heavily affects the per-
meability of the pore.

2.2. Analysis of the local constriction indicators (LCIs)

Based on the obtained local osmotic permeabilities, we performed a
closer inspection at the pore portions showing the major variations in
terms of p;; namely, the SF domain (Z-coordinates ~ 12 A) and the do-
main located at the cytoplasmic end, hereafter referred to as CE and cor-
responding to a Z-coordinate ~ —2 A. The analysis of the trajectory
shows that p; decreases when the pore is obstructed by the approach

of R216 to H201 and/or H95 to C178. Based on this observation, we de-
fined two local constriction indicators (LCIs): the first is dsg, which mea-
sures the distance between the nitrogen hydrogen bond (HB) acceptor
atom of H201 and the closer terminal nitrogen atom of R216 at the se-
lectivity filter (SF); the second is dcg, which measures the distance be-
tween the nitrogen HB acceptor atom of H95 and the sulfur atom of
C178 at the CE (see Fig. 6). Noteworthy, the variation of dcg is mainly
due to the high mobility of the imidazole ring belonging to H95. Indeed,
the RMSF computed for the H95 side chain is equal to 3.04 A (vs. 1.20 for
C178 side chain). On the contrary, no relevant motion of the main chain
of H95 can be detected (RMSF = 1.70 A).

The time dependence of the two LCIs is represented in Fig. 5. It is
then evident that the two LCIs switch between two possible states. In
particular, dsy is close to 6 A in the open conformation while its value
is close to 3 A in the closed conformation. As far as the selectivity filter
is concerned, the closed conformation occurs at a low probability and,
whenever it happens, the transition back to the open state is rather fast.

On the contrary, dcg shows dramatic changes from an average value
of 9 A in the open conformation to an average value of 4 A in the closed
conformation. The transition to the closed conformation is more fre-
quent (all the monomers display this transition within our total simula-
tion time) and more persistent at least on the timescale of 200 ns. It is
worth noting that in monomer D, permeation stops for a few nanosec-
onds although SF returns to the open state (Figs. 4 and 5). A possible ex-
planation for this delay might be found in the occasional hindrance
offered by loop C, which prevents the passage of water molecules for
the time needed to reposition in the fully open conformation.

Building on this analysis, we decided to focus our attention on repre-
sentative intervals of our trajectories (dotted lines in Fig. 5), corre-
sponding to four possible situations characterized by the states (open/
closed) of the SF and our putative second gate at the CE. In synthesis,
analysis of the selected LCIs allowed us to identify not only the sponta-
neous fluctuations inside the pore affecting the osmotic water perme-
ation but also the representative segments of trajectory for the
possible different states of the water pore.

2.3. Analysis of representative segments of trajectory

The total osmotic permeabilities computed from the selected inter-
vals of the trajectory are reported in Table 1. From the obtained ps
values, it is evident that the CE closure corresponds to a consistent
drop of permeability to a value that is comparable to that obtained
when the SF is closed. The permeability is further decreased when
both gates are closed: it is questionable whether this “completely
closed” state might have a physiological role for AQP4. However, the
data in Table 1 suggest that there are three possible values for the os-
motic permeabilities of AQP4 and confirm that the observed variations
of pr are directly related to variations of the selected LCIs.

For the same representative portions of the trajectory, we calculated
the average pore radius as a function of the z-coordinate along the axis
of the pore. The results are reported in Fig. 7a: it can be observed that
there are four possible states, characterized by well-defined profiles of
the protein pores. In particular, it is worth mentioning that the variation
of the inner radius is quite small in the region of the selectivity filter,
while it is by far more evident at the CE, where H95 effectively obstructs
the pore. As shown in Fig. 7a, the pore radius profile of the open/open
state nicely overlaps with that of the X-ray structure. Indirectly, this
proves that the crystal structure represents an open/open state. In
Fig. 7b, we report the obtained local osmotic permeabilities for the rep-
resentative portions of the trajectory. These profiles bear a close resem-
blance to those of the pore radii in Fig. 7a. The role played by the second
gate at the CE is confirmed by the effective drop in the osmotic perme-
ability. Consistently, the NPA region acts as a filter, and its radius is not
affected by the states of the two gates, while its osmotic permeability is
directly correlated with the state of the selectivity filter on the extracel-
lular side.
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Fig. 4. Color plots showing the time-dependent evolution of the local osmotic permeability along the channel in the four monomers. The z (A) values indicate the position inside the chan-
nel (see Fig. 2). Osmotic permeability values are expressed in units of 10~ cm®/s and were computed by subdividing the trajectories into 5-ns intervals. Note that such values refer to the
local permeability sampled each 5 ns (for instance, t = 10 ns represents the local permeability computed in the range of 5 to 10 ns).

3. Discussion

Taken together, our results indicate the presence of four possible
states of the AQP4 water pore depending on the fluctuation of single
key residues, namely, R216 for the SF domain and H95 for the CE do-
main. Notably, the application of the approach developed by Zhu et al.
[46] on intervals of MD trajectories, which are representative of these
states, suggests that there are three possible values for the water per-
meabilities of AQP4 depending on the conformation of these key resi-
dues inside the pore: (1) high permeability (9.5 x 10~ cm®/s) when
both states are in an open form; (2) low permeability (between 2.3
and 2.9 x 10~ % cm?/s) after the closure of one of the states and (3) re-
sidual permeability (1.3 x 10~ ' cm?/s) if both states are in a closed
form. It is worth noting that the obtained values are consistent with
those obtained from experiments on membrane permeability (from
3.5t09 x 10~ ' cm?/s) in cells expressing AQP4 [48]. In this respect,
the commonly accepted picture concerning the structure and dynamics
of the AQP4 channel, based on the inspection of the crystal [42] as well
as from the analysis of short MD simulations [32,47], should be critically
revised. Indeed, our results indicate that the SF region may act not only
as a selectivity filter (as already known) but also as a gating site depend-
ing on the fluctuation of R216, as already reported in recent MD simula-
tions, but only after the application of large membrane potentials [49].

Even more interestingly, our data allow us to postulate the existence
of a new crucial gating site, named CE, inside the pore characterized by
the two residues H95 and C178 whose interaction is triggered by the ro-
tation of the imidazole ring of H95. It is worth noting that, in the crystal

structure, the nitrogen acceptor atom of the H95 side chain is engaged
in hydrogen bonding with the oxygen atom of the T101 side chain, the
main chain nitrogen atom of H95 interacts with the oxygen atom of
the E41 side chain, and finally a water molecule bridges the sulfur
atom of C178 and the nitrogen acceptor atom of the H95 side chain. Im-
portantly, we observed that CE closure takes place after the reorienta-
tion of H95, whose new conformation implies the disruption of the
interactions described above. In this regard, it is interesting to enquire
why the closed conformation of that domain was not reported in the
crystal structure: we speculate that the absence of a CE closed state in
the crystal might be due to the experimental conditions likely favoring
the occurrence of the open state because of low solvent entropic contri-
butions at the experimental temperature of 77 K [6], or, for instance, the
critical absence of the membrane bilayer that significantly alters the
electrostatic framework.

This putative gating mechanism at the CE appears to be quite differ-
ent from the SF on the extracellular side. Indeed, the time evolution of
the considered LCIs suggest that, although it is possible to postulate a
gating role for both SF and CE domains, variations at the level of the SF
are less frequent and, when they occur, the closed state persists only
for a few nanoseconds. In other words, the gating ability of the pore is
mostly ascribable to the dynamics of H95 inside the channel. This is
also supported by our analysis of the average pore radius: the reduction
at the CE level is more pronounced than that of the SF domain whereas,
in agreement with previous studies [25,47], no narrowing during the
simulations is detected at the level of the NPA motifs, thus confirming
the lack of any constriction effect at that level. To analyze the role of
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Fig. 5. Time dependent evolutions of the Local Constriction Indicators (LCIs) dsr and dce. Representative segments of the trajectories are highlighted by a dotted line.

these key domains in water dynamics inside the pore, we extended our
analysis of the representative sections of the trajectory by calculating
the osmotic permeability correlation matrix in the four states. The re-
sults are reported in Fig. 8, where the extension of the red region indi-
cates the amount of correlation between the movements of water
molecules inside the channel: the ideal case of a chain of water mole-
cules would correspond to a complete red square. This ordered trans-
port of water molecules can be assigned approximately to the open/
open case (top left side of Fig. 8). Concerning the NPA motifs, our

correlation analysis confirms the indications by Hashido et al. [47]: the
collective motion of the water chain is hindered by the NPA region,
which divides the channel into two different sub-channels. Inside a sin-
gle compartment, the motion of water molecules, whether adjacent or
not, is strongly correlated. On the other hand, the correlation of the
water molecules belonging to different sub-channels is moderate (off-
diagonal elements of Fig. 8). This strict separation is evident by analyz-
ing all four states and can be considered as the consequence of the water
reorientation that is required to cross the NPA region. Furthermore, a

A

Fig. 6. Selected frames showing the different states (open and closed) of the SF and CE regions (lateral view). The zoomed monomers are depicted in cartoon representation while impor-
tant residues in the ar/R constricted selectivity filter (SF) and cytoplasmic end (CE) are shown in sticks using the same colors as in Fig. 2. Local constriction indicators (LCls) are shown by a
continuous line while the H-bond interactions involving the residues in the closed states are depicted by a dotted line: A) SF open B) SF closed, C) CE open and D) CE closed.
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Table 1

Osmotic permeabilities (pr) of the representative segments of the
trajectory corresponding to different states of the SF and CE re-
gions. The value for the open/closed conformation is reported with-
out standard deviation because it refers to a unique event.

Status (SF/CE) pr (1071 cm?/s)

Open/open 95+ 2.1
Closed/open 29

Open/closed 23+ 1.1
Closed/closed 1.3+ 03

comparison of the four potential of mean force (PMF) profiles (obtained
following the approach by Sasseville et al. [50]; see Supporting Informa-
tion for methodological details) indicates that the energy barriers are
closely related to the states of the two gates hypothesized in the present
study (see Figure S3 in the Supporting Information).

It is important to remark that our study extends the time span of the
trajectory analyzed by Hashido et al. (195 ns vs. 10 ns). In this respect, it
is not surprising that the authors did not report any significant reduc-
tion in correlation around the ar/R region, contrary to what they expect-
ed. Indeed, as correctly postulated by Janosi and Ceccarelli [45], this was
arare event on the timescale of the MD trajectory by Hashido et al. [47].
Interestingly, our study reveals that the fluctuations of R216 may occa-
sionally result in the closure of the SF domain on a typical timescale of a
few nanoseconds, thus reducing the total osmotic permeability. More-
over, our analysis suggests that the SF can act as a critical gate only
when the state of the CE gate is open (see Fig. 7b). Hence, the rate-
limiting region for AQP4 should actually be located at the CE of the
pore, differently from what has been previously postulated.

Building on these findings, it is certainly easy to postulate that the
relative stability of the two resulting states (open and closed) may
also depend on small changes (possible external stimuli) in the micro-
environment, as already postulated for other AQPs. Notably, it was al-
ready proved that even small variations of pH can affect aquaporins
and their functioning. For instance, all plant aquaporins are gated by a
change in cytoplasmic pH [51]. In SoPIP2;1 (spinach plasma membrane
aquaporin) the pH-dependent protonation state of a histidine regulates
gating [52]. Importantly, this histidine in SoPIP2;1 belongs to an intra-
cellular loop, exactly as in the case of H95 in AQP4. Leitao et al. [52] re-
ported pH regulation of another plant aquaporin, namely, TIP2;1 (Vitis
vinifera) showing that water permeability strongly decreases after a
change in cytosolic pH. Again, a histidine belonging to a cytoplasmic
loop (H131) was proved to be responsible for such pH sensitivity,
which is lost upon mutation to alanine or aspartic acid.

Finally, it is worth noting that the proposed gating mechanism at the
CE not only has some analogies with the mechanisms proposed for
other aquaporins [42,44] but, concerning AQP4 itself, it is also consistent
with some experimental evidences. Mutagenesis analysis performed by
Yukutake et al. [53,54] revealed that divalent cations such as copper
(Cu?™), mercury (Hg?™") and zinc (Zn?") inhibit AQP4 permeability
by interacting with the sole C178, a key residue of the CE domain. Any-
way, there is large agreement that proteins coordinate divalent cations
by residues, which are, with few exceptions, cysteines, histidines and
glutamates/aspartates. However, Yukutake et al. [53], inspecting the
X-ray human AQP4 solved structure, reported that the simultaneous in-
teractions of bivalent cations with C178 and other potentially involved
residues are difficult to hypothesize. From our MD findings, we can in-
stead postulate that divalent cations could significantly reduce water
permeability by interacting simultaneously with C178 and H95, hence
promoting the closure of the CE domain. MD simulations performed
on two different mutants (H95G and C178S) also support the great rel-
evance of such residues in CE gating. Indeed, the analysis of the obtained
trajectories (40 ns for each mutant) indicates that upon replacement of
H95 with glycine, the CE closure is not observed in any of the four
monomers, thus confirming the key role in the proposed gating mecha-
nism of the histidine. This is clearly shown in Figure S1 (see Supporting

Information) where the time evolutions of the local constriction indica-
tors (LCIs) are reported. For the WT, 40 ns of simulations were enough
to observe the CE closure in two of the four monomers (see Fig. 5),
while the four independent monomers in H95G display only the open
state for the CE gate. This is even more evident when we compute the
osmotic permeability (pr): the obtained value (averaged over the four
monomers) is equal to 9.6 & 2.8 x 10~ 4 cm?/s, fully comparable to
that obtained for the open/open state of WT (9.5 & 2.1 x 10~ % cm’/s).

On the contrary, the replacement of a C178 with another H-bond
donor (S178) triggers the CE closure in three out of four monomers
within 40 ns of MD simulations, as shown in Figure S2 (Supporting In-
formation). This supports our hypothesis that an H-bond interaction is
responsible for the narrowing of the pore and of the consequent re-
markable decrease in water flux rate. Such interaction is formed by
the H-bond donor residue at position 178 (cysteine or serine) and
H95 playing as H-bond acceptor. Indeed, H-bond interactions between
serine (donor) and histidine (acceptor) are already known in the litera-
ture (see for instance the charge relay network of serine proteases [55]),
although the replacement of a thiol group (pK, = 8.3) with a hydroxyl
group (pK, =~ 13) weakens the H-bond donor capacity.

In conclusion, the obtained data allowed us (i) to confirm the crucial
role of the NPA motifs in water reorientation; (ii) to investigate the

A open/open
151 open/closed
closed/open
closed/closed
10+ X-ray

NPA

open/open
open/closed
closed/open
closed/closed

CE
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Fig. 7. Pore radius and local permeation among the different states. (a) Comparison of the
five pore radius R(A) profiles along the z-axis obtained for the considered states and the X-
ray structure. All values are expressed in angstroms and the profiles of the four states are
obtained by averaging the representative segments of simulations. (b) Calculated local
permeation in the four representative segments of the simulations. The obtained data
points were fitted by cubic splines.
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function of the SF which, besides the well-known role for water selec-
tion, appears characterized by a moderate ability of gating and (iii) to
hypothesize the presence of a new crucial domain inside the pore at
the CE of the water channel. Our data suggest that the spontaneous fluc-
tuation of H95 inside the pore depends on the chance of establishing an
H-bond interaction with C178 whose occurrence can strongly decrease
osmotic water permeability. From a broader point of view, we do be-
lieve that this work represents a valuable contribution to the state of
the art: thus far, “MD simulations of AQP4 have not revealed any
blocking residue that may get extended into the pore and restrict the
passage of water,” as pointed out by a very recent review by Sachdeva
and Singh [56]. The importance of this fluctuation, the stability of the
resulting states (open and closed) and the associated changes in osmot-
ic water permeation, all put forward this domain as a relevant gating
site in AQP4. This hypothesis provides valuable insights into the AQP4
pore structure and dynamics and represents a promising starting
point for the rational design of new modulators.

4. Methods
4.1. From X-ray structure to model system preparation

The initial structure of AQP4 was obtained from the Protein Data
Bank (PDB), entry 3GD8 [6]. The obtained crystal was first pretreated
using MAESTRO protein preparation module (version 9.5 [57]), which
enables us to add missing hydrogen atoms and to determine the optimal
protonation states for histidine residues. The simulation system was
built as follows: a 120 x 120 A2 POPC (1-palmitoyl,2-oleoyl-sn-
glycero-3-phosphocholine) bilayer patch was first built using the

membrane plug-in of VMD (visual molecular dynamics) [58], with the
membrane normal along the z-axis. A tetramer of AQP4 was embedded
in this bilayer and lipid molecules within 0.8 A of heavy atoms of the
protein were removed. All protein atoms and crystallographic water
molecules were kept fixed allowing only lipid molecules to equilibrate
in vacuum for 200 ps. The obtained system was inserted into a periodic
box extended by 18 A in each direction from all protein atoms and filled
with TIP3P water molecules [59], using the “solvate” plug-in of VMD.
Twenty-three Na* and 19 CI~ ions were added using VMD's autoionize
plug-in, generating a 100 mM ionic concentration and a final electrically
neutral system of 135,833 atoms. This system was again equilibrated
with protein atoms and crystallographic water molecules at fixed posi-
tions for another 200 ps. The obtained system was finally relaxed for
200 ps, applying harmonic restraints only to the protein atoms (force
constant of 1 kcal/mol/A’).

4.2. Molecular dynamics simulations

All MD simulations were performed using NAMD 2.9 [60] and the
CHARMM_27 force field [61]. The full system was minimized to remove
steric clashes in the initial geometry and gradually heated up to 310 K
within 500 ps of MD. The SHAKE algorithm was employed to constrain
all R-H bonds. Periodic boundary conditions were applied in all direc-
tions. A non-bonded cutoff of 12 A was used, whereas the particle mesh
Ewald (PME) [62] was employed to include the contributions of long-
range interactions. All simulations were performed in an isothermal-
isobaric ensemble (1 atm, 310 K) with a Nosé-Hoover Langevin barostat
[63,64] (oscillation period 200 fs, decay coefficient 100 fs) and a Langevin
thermostat [65] (damping coefficient 1 ps~'). The time step was set to


image of Fig.�8

D. Alberga et al. / Biochimica et Biophysica Acta 1838 (2014) 3052-3060 3059

2 fs, and coordinates were saved every 1000 steps (2 ps). MD trajectories
of 200 ns (for wild type) and of 40 ns (for each of the mutated proteins,
C178S and H95G) were obtained. For all the considered systems, the
equilibration of the structure required less than 5 ns and thus the first
5 ns were removed from the analysis. All simulations were performed
on the FERMI supercomputer at CINECA, Italy.

4.3. Calculation of the osmotic permeability

The osmotic permeability matrix was calculated in the framework of
the theory proposed by Zhu et al. [46]. The first step consisted in the
computation of the variable dn:

dn=">" dz/L

iES(t)

where dz; is the displacement of the water molecule i along the z direc-
tion within the time interval dt and S(t) is the set of water molecules in-
side the channel of length L at time t.

If n(t) is the integral of dn over time, the total diffusion coefficient D,
is given by the mean square displacement as follows:

<n2(t)> =2D,t+C

Finally, the osmotic permeability was computed as:
p f= VWDn

where vy is the average volume occupied by a single water molecule.

This approach was used by Janosi and Ceccarelli [45] to describe
water permeability in AQP5 and returns a single value of permeability
for the whole channel. However, it does not provide any information re-
lated to the local structure of the channel (i.e. bottlenecks). In this work,
we used the approach developed by Hashido et al. [47], which yields dif-
ferent values of permeability for each channel zone. To this aim, we
subdivided the water channel in N sectors of length Ly = 2 A and calcu-
lated the matrix p;; = vwD;; where (n;(t)n;(t)> = 2Dt + Cand i and j are
the indexes related to the i-th and j-th channel zones, respectively. The
diagonal elements of the matrix p;; represent the local permeability in
the i-th zone, while the off diagonal elements express the covariance be-
tween the water molecules in the i-th zone and those in the j-th zone.
The correlation matrix ¢; = p;/(pipj;) "/ is a useful quantity that can
be directly calculated from the permeability matrix pj.

Finally, the total permeation in the whole channel is recovered by
the formula:

Dy = Zpij/N2
ij

4.4. Computation of the average pore radius

The pore radius profile was calculated using the approach developed
by Smart et al. [66]. Starting from a guess position and using a Monte
Carlo procedure, it allows the calculation of the minimum pore radius
for each coordinate value on the z-axis.
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