
In silico study of human aquaporin AQP11
and AQP12 channels

Luisa Calvanese,1 Marialuisa Pellegrini-Calace,2 and Romina Oliva1*

1Department of Applied Sciences, University Parthenope of Naples, Centro Direzionale Isola C4, Naples I-80143, Italy
2Network of Public Research Laboratories WAFITECH, Department of Biosciences, Biotechnologies and Pharmacological

Sciences, University of Bari, Via Amendola 165/A, Bari 70126, Italy

Received 10 October 2012; Revised 3 January 2013; Accepted 21 January 2013
DOI: 10.1002/pro.2227

Published online 29 January 2013 proteinscience.org

Abstract: AQP11 and AQP12 are the most distantly related paralogs of the aquaporin family in
human. They share indeed a low sequence similarity with other aquaporins and exhibit a modified

N-terminal NPA signature motif. Furthermore, they have an anomalous subcellular localization.

The AQP11 and AQP12 biological role remains to be fully clarified and their ability to allow
transport of water is still debated. We have built accurate 3D-models for AQP11 and AQP12 and

comprehensively compared their sequence and structure to other known aquaporins. In order to

investigate whether they appear compatible or not with water permeability, we especially focused
on the amino acid composition and electrostatics of their channels, keeping the structure of the

low-water efficiency AQP0 as a reference system. Our analysis points out a possible alternative ar/

R site and shows that these aquaporins feature unique residues at key pore-lining positions that
make the shape, composition and electrostatics of their channel peculiar. Such residues can

represent pivotal hints to study and explain the AQP11 and AQP12 biological and molecular

function.
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Introduction

Aquaporins (AQPs) represent a family of transmem-

brane channel proteins, which allow osmotic-driven

transport of water and small solutes across biologi-

cal membranes and are found in all living organ-

isms, with only few exceptions. According to their

specific transport selectivity and efficiency, source,

localization, and physiological function, aquaporins

have been grouped by phylogenetic analyses into

about 30 major subfamilies.1 These subfamilies can

be further classified into two major families: ortho-

dox aquaporins, which only transport water, and

aquaglyceroporins, which preferentially allow the

transport of small organic compounds like glycerol

and urea.

Many biochemical and structural studies have

demonstrated that, despite a very variable sequence

similarity, AQP subfamilies share the same struc-

tural architecture.2,3 In particular, AQPs are homo-

oligomers of four functional monomers. Each mono-

mer is a right-handed bundle of six transmembrane

and two re-entrant half-spanning helices, which

shape a central hourglass-like channel. Each mono-

mer also shows: (1) two conserved Asn-Pro-Ala

(NPA) sequence motifs, which cap the end of the two

half helices and lie at the middle of the permeation

channel, where they form a constriction; (2) another

narrower constriction, known as aromatic/Arg (ar/R)

selectivity filter, which is located at the periplasmic

side of the channel and is formed by four residues,

including a strictly conserved arginine and an aro-

matic residue, such as Phe or Trp. The ar/R filter is

the most significant and conserved difference

between aquaporin and aquaglyceroporin channels,
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in terms of sequence and consequently structure and

selectivity.4

The number of aquaporin subfamilies per spe-

cies is very variable. Thirteen AQPs have been iden-

tified in human (AQP0–12), of which AQP3, 7, 9,

and 10 are aquaglyceroporins and AQP11 and 12 are

the most distantly related paralogs, with fairly low

amino acid sequence identity with the remaining

family members.5 Notably, AQP11 and AQP12 show

the N-terminal NPA modified into Asn-Pro-Cys

(NPC) and Asn-Pro-Thr (NPT), respectively.5 In

addition, they localize on the membrane of intracel-

lular organelles instead of the plasma membrane.

AQP11 and AQP12, both on the basis of sequence

and localization features, are therefore hardly classi-

fiable as either orthodox aquaporins or aquaglycero-

porins and have been proposed as a third aquaporin

group, the superaquaporins6 or subcellular aquapor-

ins,7 according to their cellular localization.

AQP12 is exclusively found in pancreatic acinar

cells8 and is therefore possibly involved in the secre-

tion of digestive enzymes and fluids in the pancre-

atic cells. Interestingly AQP12 genes can also be

found in Caenorhabditis elegans and in several ver-

tebrates, including rat and chicken. Recently, a

knockout (KO) mouse for this gene has been shown

to be normal in terms of growth, blood chemistry,

pancreatic fluid content, and histology. However,

upon artificial induction of pancreatitis, it presented

increased pathological damage when compared to

the wild-type (WT).9 The AQP12 water permeability

was also investigated by using vesicles from the

AQP12-KO and WT mouse pancreas, highlighting

only a small non significant difference (of 1.9 � 10�3

cm/s) in the osmotic water permeability.9

AQP11 is to some extent more character-

ized.3,7,10–15 It is expressed in many organs, such as

testis, liver, brain, kidney, and heart, testis having

the highest expression, and is particularly rich in cys-

teines. It has been suggested that AQP11 could work

as a sort of intracellular aquaporin in certain tissues

and have a role in intravesicular homeostasis of kid-

ney proximal tubule cells, mammalian spermatogene-

sis and kidney, and salivary gland development.12

AQP11-KO mice have been shown to die before

weaning due to polycystic kidney disease.10 Interest-

ingly, the single mutation to serine of a cysteine

located nine residues downstream of the C-terminal

NPA motif, that is conserved among putative mem-

bers of the third AQP group, while not found in ei-

ther orthodox AQPs or aquaglyceroporins, has also

been shown to produce a phenotype similar to that

of AQP11-null mice, suggesting that the residue is

needed for AQP11 to function.15 As for its transport

properties, the water permeability of AQP11 is con-

troversial, as it was reported that AQP11 expressed

on Xenopus oocytes had no water permeability,11

whereas stopped-flow light scattering experiments

using reconstituted AQP11 on proteoliposomes

revealed normal water permeability.7 Nevertheless,

a recent study showed that vesicles incorporating

AQP11 directly formed from Sf9 cell membranes had

appreciable water permeability (about one order of

magnitude lower than that of AQP1) and were

reversibly inhibited by mercury ions.13 A compara-

tive 3D model has also been obtained for hAQP11 by

homology, starting from the crystallographic struc-

ture of the 18% sequence identical sheep AQP0,16 an

aquaporin with low transport efficiency. On the basis

of such model, it was suggested that the slow water

conduction of AQP11 could be due to a tyrosine resi-

due (Tyr83) considered spatially corresponding to

AQP0 Tyr149, which faces the channel pore and has

been related to the AQP0 decreased water conduc-

tion rate.13

Herein, we present a structural bioinformatics

study aimed at elucidating some of the structure-

function relationships of the superaquaporins AQP11

and AQP12. Indeed, nowadays the variety of avail-

able aquaporin 3D-structures represent a valuable

resource to identify sequence, structural, and phys-

ico-chemical features, which correlate to diverse

transport selectivities within this protein family. We

have performed a comprehensive analysis of the

AQP11 and AQP12 channels and compared them

with all other known aquaporins, both in terms of

sequence and, when possible, structure. To this aim,

we combined multitemplate comparative modeling

techniques with novel computational methods specifi-

cally designed for the structural analysis and charac-

terization of the pore of integral membrane pro-

teins.17–19 In particular, we extracted amino acids at

the pore-lining positions and visualized them by

means of pore-logo representations, which give an

effective and immediate view of the pore residue com-

position.18 Then, we calculated channel electrostatic

profiles for in silico generated site-specific mutants,

as channel electrostatics has revealed to be a key fea-

ture to discriminate between aquaporins with differ-

ent selectivities.17,20 In particular, we have previ-

ously shown that the channel of AQP1 and other

orthodox aquaporins has an electrostatic profile char-

acterized by a fairly flat area in the cytoplasmic half

and a strong positive trend in the periplasmic half,

with a peak at the ar/R constriction site. This may

provide a driving force to the water molecules to cross

the channel. Water molecules have indeed been

shown by molecular dynamics to cross aquaporins

oriented in opposite directions in the two halves of

the channels, with oxygen atoms pointing toward the

center.21,22 The channel of bovine AQP0 (BtAQP0)

also shows a strong positive trend in the periplasmic

half, similarly to orthodox aquaporins, but presents

an unusual trend, with negative values reaching a

deep minimum in the cytoplasmic half. This charac-

teristic profile may also be functionally significant, as

456 PROTEINSCIENCE.ORG Study of Aquaporin AQP11 and AQP12 Channels



it may cause the water molecules to reside longer in a

stable configuration at the middle of the AQP0 chan-

nel. Therefore, the ability to restore an orthodox-like

electrostatic profile of AQP11/AQP12-like mutants

obtained from the structure of BtAQP0 has been

investigated here. The effect of a given amino acid

substitution was modeled by inserting it in the high

resolution BtAQP0 structure, as the Poisson–Boltz-

mann calculations are also sensitive to the coordi-

nates of peripheral regions, that are necessarily inac-

curate in predicted 3D models. This follows an

approach that we have previously demonstrated to be

very effective.17,20

Our results show that AQP11 and AQP12, besides

sharing significantly low sequence similarity with all

other aquaporins, feature unique residues at key pore-

lining positions that make their channel peculiar and

could consequently represent pivotal hints to study

and explain their biological and molecular function.

Results and Discussion

In the following, the 3D-models of hAQP11 and

hAQP11 and the corresponding target-to-templates

alignments (Figs. 1, 2 and 3) are presented and dis-

cussed. The amino acids lining the pore walls of

hAQP11 and hAQP12 are also visualized using pore-

logo representations [Fig. 3(b)] and compared with

those of other mammalian aquaporins, and especially

to AQP0 and AQP1 as prototypes of low-water con-

ductance and orthodox aquaporins, respectively. Pore-

logos give an effective and immediate view of the pore

residue composition as they show contiguous amino

acids, which are not necessarily adjacent in the

sequence but lie spatially close in the channel.18

Pore-lining positions corresponding to the ar/R site

and those hosting amino acids significantly different

from other aquaporins for their size and/or physico-

chemical properties are reported in Table I. They have

been visualized in the 3D-models [Fig. 3(a)] and com-

pared across all the aquaporins of known sequence.

They are also outlined in the corresponding pore logo

representations [Fig. 3(b)]. The available 10 3D-struc-

tures representative of different aquaporin subfamilies,

including mammalian, plant, and bacterial aquaporins,

have been comparatively analyzed, by keeping the

structure of the low-water efficiency bovine AQP0

(BtAQP0, PDB code 1ymg) as reference system.

Figure 1. Multiple target-template alignment for human AQP11. hAQP11 residues predicted to be in trans-membrane helices

by MEMSAT-SVM are colored green; residues assuming an helix conformation in the templates are colored red. Residues of

the Ar/R selectivity filter and of the possible alternative Ar/R site are indicated with and , respectively. Residues

corresponding to the BtAQP0 sequence positions 23 and 149 are marked with $. Other key pore-lining positions are pointed

out with . [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Channel electrostatic profiles of in silico site-

specific mutants, obtained by inserting key hAQP11/

hAQP12 residues in the corresponding position of

the BtAQP0 structure, are also presented. The chan-

nel electrostatics of aquaporins has indeed revealed

to be a key feature to discriminate between different

selectivities.17,20 In Figure 4, the electrostatic pro-

files obtained for AQP11-like and AQP12-like

mutants, at either the cytoplasmic or periplasmic

side of the channel, are reported in separate panels.

In the same figure, the channel electrostatic profiles

of BtAQP0 and BtAQP1, already reported in Ref. 17

are also shown for the sake of comparison.

3D-models

3D-models of human AQP11 and AQP12 have been

built by comparative modeling techniques. Consider-

ing the low sequence identity of AQP11 and AQP12

with aquaporins of known structure, a multitem-

plate approach has been adopted to extend the cov-

erage.23 To improve the quality of the target-tem-

plates alignments, reported in Figures 1 and 2,

state-of-the-art procedures based on the comparison

of profile hidden Markov models (HMMs)24 have

been combined with high-performance methods for

the prediction of transmembrane helices.25 The con-

servation of the two consensus NPA motifs in aqua-

porin sequences also helped to obtain trustworthy

alignments. It is worth noting here that for mem-

brane proteins it has been shown that sequence

identity values required to derive accurate 3D mod-

els can be lower than those needed in the case of

globular proteins.26

To test the reliability of our approach in predict-

ing the structure of aquaporins at low sequence

identity, we performed a blind prediction of the Plas-

modium falciparum aquaglyceroporin (PfAQP) struc-

ture (see Supporting Information). PfAQP is a

bifunctional aquaglyceroporin that efficiently allows

the passage of both water and glycerol. Among the

aquaporins of known structure, PfAQP is the one

sharing the lowest sequence identity with the

others. For the modeling procedure, we used six

templates sharing with PfAQP a maximum sequence

identity of 23% and not including any aquaglycero-

porin (Supporting Information Fig. S1). Comparison

with the experimental structure shows that the pre-

dicted model is substantially correct (Supporting In-

formation Fig. S2). Pore-lining residues are correctly

placed and most of their side chains accurately

Figure 2. Multiple target-template alignment for human AQP12. hAQP12 residues predicted to be in trans-membrane helices

by MEMSAT-SVM are colored green; residues assuming an helix conformation in the templates are colored red. Symbols are

the same of Table I and Fig. 1. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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modeled. Deviations from the X-ray structure are

only observed in extra-membrane loops. These find-

ings suggest that a multitemplate approach to model

the channel of aquaporins at low sequence identity

can be considered safe. Moreover, they are in line

with the well-known fact that the structure of aqua-

porins is particularly well conserved, despite the low

sequence similarity shared by members of different

subfamilies and their different transport functions.

This observation is the result of the analysis and

Figure 3. Representation of sequence and structural features of the pores. Each pore is orientated from the intracellular (left)

to the extracellular (right) side. Acidic residues are colored in red, basic residues in blue, and polar residues in purple. (a) 3D-

Structure representation: for h-AQP11, h-AQP12, Bt-AQP1 and Bt-AQP0, all the residues lining the pore are shown. (b)

Sequence representation: pore-lining residues are shown as pore-logos for four AQPs. Note that logo numbers correspond to

the structural position of the residues along the channel axis and not to their sequence position. Symbols are the same of

Table I and Figure 1. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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comparison of 10 structures representative of differ-

ent aquaporin subfamilies.3,17

Representations of the 3D models obtained for

hAQP11 and hAQP12, emphasizing the pore shape

and dimension, are given in Figure 3(a) for the

obtained hAQP11 and hAQP12 models and for the

crystallographic structures of BtAQP027 and of

BtAQP1.28

Amino acid composition and physico-chemical
properties of the pore

Ar/R selectivity filter (logo positions 30, 32, 35,

36 and 29, 31, 37). Both orthodox aquaporins and

aquaglyceroporins have an ar/R constriction site,

also known as selectivity filter, characterized by the

presence of an arginine and an aromatic residue.

The arginine is located immediately downstream of

the C-terminal NPA motif (logo position 30) and is

overall conserved among all known aquaporins. The

only exceptions are plant TIP1 and SIP1, where it is

substituted by a Val and an Asn, respectively, and

mammalian AQP11 and AQP12, where it is substi-

tuted by a Leu219/203 (see Table I). Moreover, ortho-

dox aquaporins, including AQP0, feature a charac-

teristic ar/R aromatic Phe (logo position 32), which

is substituted by a Trp in glycerol channels of known

structure, and is a nonaromatic residue, Leu 79/61,

in AQP11/AQP12. A third residue characterizing the

constriction, which is a His in orthodox aquaporins

(logo position 35), including AQP0, and a Gly in

glycerol channels, in AQP11 and AQP12 is substi-

tuted by Val204 and Ala188, respectively. Finally,

the fourth ar/R residue (logo position 36) is con-

served, as compared to AQP0. It is indeed Ala213,

Ala197, and Ala181 in AQP11, AQP12, and AQP0,

respectively; in AQP1 instead the alanine is substi-

tuted by Cys191, having a role in the AQP1 mercuri-

als sensitivity.

Therefore, AQP11 and AQP12 amino acids found

at positions corresponding to the canonical aqua-

porin ar/R site, although giving a constriction, are

completely hydrophobic in nature and lack both the

characteristic aromatic and the basic residue. Which

Figure 4. Electrostatic potential calculated at pore centers for BtAQP0 bearing: AQP11-like (top) and AQP12-like (bottom)

substitutions. Electrostatic potentials are also shown for wt BtAQP0 and wt BtAQP1, for comparison. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

460 PROTEINSCIENCE.ORG Study of Aquaporin AQP11 and AQP12 Channels

wileyonlinelibrary.com


is the effect of these substitutions on the functional-

ity of AQP11 and AQP12? Beitz et al. experimentally

showed that individual or joint mutations of the se-

lectivity filter residues of hAQP1 lowered its selec-

tivity.29 In particular, the substitution of the Arg

with a hydrophobic Val was unexpectedly shown to

allow the passage of protons. On this bases, we pre-

viously performed an in silico analysis of Beitz’s

mutants and observed a dramatic change in the elec-

trostatics of their channel. In particular, the Arg to

Val mutation caused the periplasmic positive electro-

static trend to dramatically revert into negative.17

One may wonder whether the substitution of these

crucial pore-lining residues in AQP11 and AQP12 is

still compatible with a selective transport of water.

Remarkably, we have observed that hAQP11

presents a basic residue, His62, at the periplasmic

site of the channel (logo position 37) that is unique

to this subfamily. Therefore, canonical aquaporins

exhibit a pair of Arg and Leu residues at the logo

positions 30 and 37, whereas AQP11 shows a pair of

His and Leu residues at inverted sequence positions.

hAQP12 also has a basic residue, Arg43, at the logo

position 31, spatially close to the ar/R site, which is

unique to this subfamily, as all other aquaporins ex-

hibit a hydrophobic residue at such a position (Ile/

Val/Leu/Met), with the exception of AQP11 having a

cysteine. Interestingly, both AQP11 and AQP12 also

present a pore-lining aromatic residue around the

ar/R site (logo position 29), Phe215 in AQP11 and

Phe199 in AQP12. Such Phe corresponds to smaller,

hydrophobic residues like Ile/Val/Leu in other aqua-

porins. We suggest that the basic His62/Arg43 at the

logo position 37/31 and the aromatic Phe215/Phe199

at the logo position 29 may represent a possible al-

ternative Ar/R site for hAQP11 and hAQP12, respec-

tively (but we remind that the logo positions 27 and

31 fall into the uncertain N-terminal region of the

AQP12 alignment). This possible substitutive ar/R

site is, however, wider than the canonical one and

this explains the minor effect on the channel electro-

statics of such basic residue (see below). At the logo

position 37, AQP12 instead presents an acidic resi-

due, Glu47, interestingly corresponding to PfAQP

Glu125, which has been associated both experimen-

tally and computationally to the peculiar nature of

such aquaporin as a perfect bifunctional water and

glycerol channel.17,30

We have calculated the electrostatic potential of

in silico BtAQP0 mutants, where the above residues

were substituted by the corresponding AQP11 and

AQP12 ones. The electrostatic potentials of the

BtAQP0 channel bearing AQP11 and AQP12-like

mutations at its periplasmic side are shown in Fig-

ure 4, panels b and d, respectively. Mutating the

BtAQP0 Phe48 to an AQP11/AQP12-like Leu has

only minor effect on its electrostatics (data not

shown). As expected, instead, the mutation of the ar/

R arginine to a Leu causes a dramatic change simi-

lar to that observed for the analogous R197V muta-

tion in hAQP1,17 which results in the reversion of

the positive trend to a negative one [see mutant

R187L, Figure 4(b,d)].

Analogously, the mutation of the other basic res-

idue of the ar/R site (His172 in AQP0, His182 in

AQP1) to a Val/Ala, causes a decrease of the positive

trend in the periplasmic half of the channel, by

about 10 kT/e. These changes are only slightly coun-

terbalanced by the mutation of BtAQP0 Leu28 to

His62 in AQP11 (Supporting Information Fig. S3).

In AQP12, Glu47 at the logo position 37 would fur-

ther decrease the positive periplasmic trend, but its

effect is compensated by the presence of the spatially

close Arg43, at the logo position 31 (see mutant

Table I. Identity of Residues at Key Pore-Lining Positions

Logo positiona Pore height (Å) hAQP11 hAQP12 hAQP0 hAQP1

9 $ � �12 Gln185 Arg169 Tyr149 Thr159
11 � �12 Gln106 Glu88 Phe75 Leu85
18 � �9 Ser97 Ser79 His66 His76
24 � �3 Phe177 Phe161 Phe141 Leu151
25 � �3 Tyr83 Phe65 Leu52 Ile62
26 � 3 Ile200 Val184 Leu168 Val178
27 $ � 3 Leu57 Met42 Tyr23 Phe24
29 � 3 Phe215 Phe199 Met183 Ile193
30 � 3 Leu219 Leu203 Arg187 Arg197
31 � 6 Cys58 Arg43 Val24 Val25
32 � 6 Leu79 Leu61 Phe48 Phe58
35 � 9 Val204 Ala188 His172 His182
36 � 9 Ala213 Ala197 Ala181 Cys192
37 � 9 His62 Glu47 Leu28 Ile29
38 � 9/12 Cys155 Cys139 Asn119 Asn129

a Residues of the Ar/R selectivity filter and of the possible alternative Ar/R site are indicated with and , respectively.
Residues corresponding to the BtAQP0 sequence positions 23 and 149 are marked with $. Other key pore-lining positions
are pointed out with .
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V24R/L28E in Figure 4, panel d). As a consequence,

the electrostatic profile of AQP11 and AQP12 chan-

nels, at the periplasmic side, is expected to be nega-

tive and to feature a quite deep minimum approxi-

mately at the height of the canonical ar/R site.

Role of amino acids at the AQP0 sequence posi-

tions 23 and 149 (logo positions 27 and

9). Several lines of evidence suggest that Tyr23

(logo position 27) and Tyr149 (logo position 9) may

be associated to the low water conductance of bo-

vine, and more generally of mammalian

AQP0,17,31,32 and that their mutation to the corre-

sponding AQP1 residues, Phe and Thr, respectively,

tends to restore dynamic and electrostatic features

characteristic of orthodox aquaporins.17,32 In partic-

ular, we have shown that Y149T and Y149F muta-

tions tend to restore a flat orthodox-like trend at the

cytoplasmic side of the channel, with the former sub-

stitution having a stronger effect. We have also

shown that Tyr23 and Tyr149 are conserved among

the low water conductance mammalian and amphib-

ian AQP0s and are instead substituted by AQP1-like

Phe and Thr residues, respectively, in high water

conductance killifish AQP0, which features high

water permeability.33

Interestingly, hAQP11 presents a Leu57 at the

AQP0 position 23 and an unusual Gln185 at the

AQP0 position 149 (Table I), both conserved within

the AQP11 subfamily (see Supporting Information

Fig. S4). Leu57 is smaller when compared with the

corresponding AQP0 Tyr23 but also to the corre-

sponding AQP1 Phe24. A leucine at such a position

is indeed found in several glycerol channels, such as

AQP3, AQP10, GlpF, and AQPM, (but also in the

orthodox AqpZ), and should widen the pore. The

BtAQP0 Y23L mutant exhibits an electrostatic pro-

file shifted toward the canonical BtAQP1 profile at

the periplasmic side of the channel immediately af-

ter the NPA region [Fig. 4(b)]. As for Gln185, it is

really unusual; as such a residue gives less steric

hindrance than the corresponding AQP0 Tyr149 and

is not found in any other known aquaporin. The sub-

stitution of AQP0 Tyr149 with an AQP11-like Gln

(mutant Y149Q) causes a slight alteration of the

channel electrostatics with the profile moving by

about 3.5 kT/e toward orthodox values, but only in a

limited cytoplasmic region of the channel, close to

the NPA motifs [Fig. 4(a)].

One of the above hAQP11 residues, Leu57, cor-

responding to mAQP0 Y23, has already been dis-

cussed, together with residue Tyr83 (logo position

25, see below) in the context of the low water con-

ductance of AQP11.13 It has indeed been outlined

that at such positions the slow water permeable

channels, mAQP0 and AQP11, share a pair of inter-

changeable tyrosine and leucine residues. However,

such residues are not located at the same height of

the pore and, consequently, we show here that their

effect on the shape and electrostatics is experienced

in different regions of the channel, on opposite sides

of the NPA region (see Figs. 3 and 4).

In hAQP12, the AQP0 Tyr23 is substituted by

Met42, but again it should be noted that this falls in

an uncertain region of the alignment. Met42 gives

less steric hindrance, when compared with a tyro-

sine, and causes a slight increase of the electrostatic

profile between the ar/R and the NPA regions, to-

ward canonical AQP1 values (see mutant Y23M in

Fig. 4, panel d). Corresponding to the AQP0 Tyr149,

hAQP12 presents instead a really unusual Arg169.

These two residues give comparable steric hindrance

but the mutation of the Tyr with a charged Arg, in

this constriction region, causes a reversion of the

cytoplasmic profile from negative to positive [Fig.

4(c)]. This change is however compensated by the

mutation of AQP0 Phe75 to the AQP12 Glu88 (see

below).

Other key pore-lining positions (logo positions

11, 18, 24, 25 and 26). In addition to the above

widely investigated pore-lining residues, we had also

previously outlined the role of other amino acids in

discriminating the pore features of AQP0s exhibiting

different water permeabilities, that is, the low-water

conductance mammalian AQP0 and the high-water

permeability killifish AQP0. Such amino acids are

located at sequence positions 75, 141, 52, and 168,

as referred to bovine AQP0 [corresponding to logo

positions 11, 24, 25, and 26, respectively, Table I and

Fig. 3(b)]. Interestingly, such positions can also be

used to describe peculiar hAQP11 and hAQP12 pore

features. In particular, BtAQP0 Phe75, Phe141,

Leu52, and Leu168 are substituted by Gln106,

Phe177, Tyr83, and Ile200 in hAQP11, and Glu88,

Phe161, Phe65, and Val184 in hAQP12, respectively.

All these residues are conserved within the two sub-

families (Fig. S4).

As for hAQP11, Gln106 is unique among human

aquaporins and is not found in any other known

aquaporin. Analogously to Gln185, it is less bulky

than the corresponding Phe75 AQP0 residue. More-

over, the F75Q mutation in BtAQP0 also causes an

alteration of the channel electrostatics toward ortho-

dox values in a limited region that is further shifted

toward the cytoplasm, when compared with the

above Y149Q mutant [Fig. 4(a)].

Phe177 of AQP11 is conserved when compared

with mammalian AQP0 and substitutes a Leu in

fish AQP0 and in AQP1. This residue gives a steric

hindrance that might therefore be associated to the

low water transport efficiency of both AQP11 and

mammalian AQP0. Tyr83 substitutes a Leu/Ala in

AQP0 (a Phe in only 2 cases) and an Ile in AQP1,

whereas Ile200 corresponds to a Leu and a Val in

AQP0 and AQP1, respectively. Therefore, Ile200 and
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especially Tyr83, contribute to narrow the region of

the hAQP11 channel they are located in, when com-

pared with the corresponding AQP0 and AQP1 resi-

dues. In our AQP11 3D model, the Tyr83 side chain

occupies a pore-lining region nearby to that occupied

by the Tyr23 side chain in AQP0 (see previous sub-

section). A tyrosine lining the pore is expected, anal-

ogously to the AQP0 Tyr23, to significantly influence

the channel electrostatics.20 Indeed, the channel

electrostatics of the L52Y BtAQP0 mutant shows a

dramatically deepened minimum at the cytoplasmic

side that accentuates the nonorthodox character of

the native mammalian AQP0 profile [Fig. 4(a)].

As for AQP12, Glu88 is as well unique among

human aquaporins and not found in any other known

aquaporin. Analogously to AQP11 Gln106, it gives

less steric hindrance than the corresponding mAQP0

residue but has a dramatic effect on the electrostatics

of the channel, significantly deepening the minimum

at the cytoplasmic side [F75E BtAQP0 mutant, Fig.

4(c)]. Phe161 corresponds to hAQP11 Phe177 and

BtAQP0 Phe141 and might therefore be associated to

a low or impaired water transport in AQP12. Phe65,

similarly to hAQP11 Tyr83, contribute to locally nar-

row the diameter of the AQP12 channel, when com-

pared with both the AQP0 Leu52 and the AQP1 Ile62

(by about 2 Å), but it has only marginal effects on the

channel electrostatics [see mutant L52F in Fig. 4(c)].

It is also very interesting that both AQP11 and

AQP12 present a Ser (Ser97 and Ser79, respectively)

instead of BtAQP0 His66 (logo position 18), which is

conserved in all aquaporins except for the poorly

characterized SIP1, where it is also a Ser. A Ser in

this position should contribute to widen the pore. In

addition, it does influence the electrostatics causing

a shift of the curve toward a flat orthodox profile in

a limited region at the cytoplasmic side of the chan-

nel, as shown by the electrostatic profile of the H66S

BtAQP0 mutant shown in Fig. 4(a,c).

To summarize the results of the electrostatic cal-

culations on the substitutions at the cytoplasmic

side of the channels, the AQP11-like L52Y and

AQP12-like F75E mutants have a dramatic effect on

the native BtAQP0 channel electrostatics, further

deepening the AQP0 typical cytoplasmic minimum

[Fig. 4(a,c)]. As for the other substitutions (Y149Q,

F75Q, H66S in hAQP11 and L52F, H66S in

hAQP12), they all show only a minor effect, slightly

tending to restore an orthodox-like trend. Interest-

ingly, the AQP12-like Y149R mutant is instead able

to reverse the profile from negative to positive. How-

ever, its effect is compensated by that of the above

mentioned F75E mutant [see the double mutant

F75E/Y149R, in Fig. 4(c)]. Therefore, also at the

cytoplasmic side of the channel, the electrostatic pro-

file for both AQP11 and AQP12 is expected to be

negative, with a probably deepened minimum as

compared to BtAQP0.

Cysteine residues
AQP11 cysteines deserve a special mention. Indeed,

the AQP11 subfamily is particularly rich in cys-

teines, with 10 cysteine residues, whose role

remains to be clarified. One of these, Cys101, occu-

pies the third position of the N-terminal consensus

motif, resulting in a NPC instead of a NPA

sequence. It has been shown that the substitution of

this cysteine with a canonical alanine reduces the

AQP11 water transport efficiency, pointing to a func-

tional role that needs to be further investigated.34

In addition, it has been shown that AQP11 needs

the NPC motif to form tetramers.34 Thus, it has

been suggested that mutations at the AQP11 unique

Cys may interfere with the folding of individual sub-

unit, leading to misalignment of surrounding con-

tact points between monomers. In our hAQP11 3D

model, the Ala to Cys substitution within one of the

NPA motifs seems to be responsible for neither

global nor local conformation peculiarities as com-

pared to other aquaporins. Cys101 in the AQP11 3D

model is, as expected, located within the pore and

does not give any contact with residues from other

monomers. This is not surprising, as we know the

3D-structure at 2.05 Å resolution of the Plasmodium

falciparum aquaporin (PfAQP), which exhibits two

unusual NPA motifs: NLA and NPS, at the N-termi-

nal and C-terminal side, respectively. The PfAQP

overall conformation and its local conformation

around the NPA region presents no striking differ-

ence with respect to the other aquaporins of known

3D-structure.35 The role of Cys101 in determining

the hAQP11 mercurial sensitivity has also been

investigated and no significant inhibition has been

found.13 However, two other cysteines occupy pore-

lining positions: Cys58 (logo position 31) and Cys155

(logo position 38). Cys58 is absolutely unique to this

subfamily, whereas Cys155 is also found in AQP12

(see below). The possible binding of mercurials to

these two cysteines is therefore worth to be further

investigated.

In addition, a point mutation to serine of a con-

served cysteine, nine residues downstream of the C-

terminal NPA motif (Cys227 in AQP11 and Cys211

in AQP12), was reported to produce a phenotype

similar to that of AQP11-null mice.15 In our 3D mod-

els of the AQP11 and AQP12 tetramers, this cysteine

is exposed on the surface of the protein, at the peri-

plasmic side of the membrane.

As for AQP12, it presents six cysteine residues,

Cys139 being pore-exposed (logo position 38) and hav-

ing a possible role in the mercurials sensitivity that

could be experimentally investigated. It also worth

noting that from a structural point of view, Cys211 in

AQP12 is perfectly equivalent to Cys227 in AQP11.

Therefore, it would also be worth investigating the

possible functional role of this residue.
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Conserved residues
The alignment of superaquaporins AQP11 and

AQP12 to their paralogs, notwithstanding the low

overall sequence identity, highlights the strict con-

servation of few amino acids (see consensus sequen-

ces in Figs. 1 and 2). Referring to the BtAQP0 num-

bering, conserved amino acids, besides Asn68 and

Asn184-Pro185 within the aquaporin characterizing

NPA motifs, are: Glu16, Gly64, Gln93, Glu134,

Pro208, and Gly211.

Such residues clearly have a structural role and

indeed they include three ‘‘special’’ residues from a

structural point of view, that is, two glycines and

one proline. Among these, Gly64 (Gly95/77 in

hAQP11/hAQP12), located in loop B four residues

upstream of the N-terminal NPA, assumes values of

/ and W angles (130� and �24�, respectively) not ac-

cessible to other amino acids. Further, conserved

residues include two glutamic acids (Glu50/35, and

Glu170/154, respectively, in hAQP11/hAQP12) whose

role in anchoring the position of transmembrane hel-

ices 1 and 4 relative to the functional loops B and E,

through H-bonding with residues immediately

upstream of the NPA motifs, has long been estab-

lished.36 The conserved glutamine (Gln124/106 in

hAQP11/hAQP12) is also involved, together with

Glu16, in the H-bond network around the N-termi-

nal NPA region.

Interestingly, such residues seem to define a

minimal set of structural requirements for the main-

tenance of the correct aquaporins scaffold, independ-

ently from their transport efficiency and specificity.

Methods

Model building and analysis

Human AQP11 and AQP12 sequences were collected

from the SwissProt database.37 In the manually

reviewed UniProtKB/Swiss-Prot dataset, two entries

are available for human AQP12, corresponding to

the two AQP12A and AQP12B genes (ID: Q8FXI and

A6NM10, respectively). Although hAQP12B is

reported to present isoforms 1 and 2, the isoform-1

has been chosen as ‘‘canonical’’ sequence from the

Swiss-Prot reviewers, as for the isoform-2 no experi-

mental information is available. hAQP12A and

hAQP12B-isoform-1 sequences are 99% identical,

with only three substitutions in non-pore-lining posi-

tions; therefore, for the sake of clarity, in the follow-

ing only the hAQP12A sequence will be presented

and discussed. Comparative models were built with

Modeler,38 using a multitemplate approach. Ten

structures, each of them representative of a different

aquaporin subfamily, were used as templates (AQP0,

PDBcode: 1ymg; AQP5, PDBcode:3d9s; AQP4,

PDBcode:3gd8; AQP1, PDBcode:1j4n; AQPM,

PDBcode:2f2b; AQY1, PDBcode:2w2e; GlpF, PDBco-

de:1ldf; PfAQP, 3c02; SoPIP2, PDBcode:3cn5;

AQPZ2, PDBcode:3llq). Sequence alignments for the

modeling procedure were obtained by HHPred,24

and cross-checked with the prediction of the trans-

membrane helices as obtained by MEMSAT-SVM.25

The hAQP12 alignment was manually adjusted to

have the first transmembrane helix correctly aligned

between the structural templates. The sequence

identities with the templates were in the range

13%–19% for hAQP11 and from 15 to 19% for

hAQP12. The models quality was tested by ProQ,39

finding LG-scores of 2.47 and 2.00 for the hAQP11

and the hAQP12 model, respectively, and by

Qmean,40 finding total scores of 0.487 (Z-score:

�3.06) and of 0.397 (Z-score: �4.03). The sequence

correspondence between hAQP11/hAQP12 and

BtAQP0 was used to compare them to a comprehen-

sive set of 220 nonfragment aquaporin sequences,

previously collected from the Uniprot Knowledge

database (see Ref. 17 for details) and aligned with

HMMER.41

hAQP11 and hAQP12 pore-logos were derived

from the 51 sequence alignment positions previously

identified as pore-lining positions of the aquaporin

family, as detailed in Ref. 17. Sequence logos of the

pore-lining residues were obtained by the PoreLogo

web tool.18 The BtAQP0 Y23L, Y23M, V24R, V24R/

L28E, F48L, L52Y, L52F, H66S, F75Q, F75E,

Y149Q, and H66T and F75Q and Y149Q L28H/

R187L, R187L, F48L/M183F, F75E/Y149R mutants

were modeled by the Modeler selection-mutate pro-

cedure. The channel electrostatic potential of the

BtAQP0 mutants was calculated by solving the Pois-

son–Boltzmann equation using the APBS program,42

as detailed in Ref. 17.

Conclusions

3D models have been obtained for hAQP11 and

hAQP12 using all the available structural informa-

tion and state-of-art techniques. Sequences of the

two superaquaporins appear to be perfectly compati-

ble with both the tertiary and quaternary arrange-

ment shared by the 10 aquaporin subfamilies of

known 3D-structure. However, their channels

appear to be quite narrow, especially that of

hAQP12, presenting one constriction at the cytoplas-

mic and one at the periplasmic side. This is the con-

sequence of amino acids substitution at key pore-lin-

ing positions. In the central region of the channel

the two superaquaporins present peculiar bulge aro-

matic residues, such as Tyr83/Phe65 and Phe215/

Phe199 causing a significant narrowing of the pore.

In addition, hAQP12 hosts a Met42, corresponding

to the mAQP0 Tyr23, and a Phe198 (logo position

34) at the periplasmic side of the NPA region.

Composition of the hAQP11 and hAQP12 chan-

nels is quite anomalous, having a less basic charac-

ter than the canonical AQP0 and AQP1 ones. Indeed

three basic residues (at logo positions 18, 30 and 35),
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two of them belonging to the ar/R site, are missing,

substituted by polar or hydrophobic residues. How-

ever, one peculiar basic residue is observed in

hAQP11, His62, and one in hAQP12, Arg43, that we

suggest to possibly play a role as an alternative ar/R

site in such aquaporins, together with the aromatic

residue, Phe215/199. In addition, the hAQP12 chan-

nel presents three peculiar acidic residues in its

inner region (logo positions 11, 12, and 37), thus

assuming an unusual acidic character. We have

shown that all these amino acid substitutions,

involving charged amino acids, can dramatically

influence the electrostatics of the channels, resulting

in an unusual double-humped negative profile.

On these bases, we conclude that several factors

are expected to hamper the water transport in

hAQP11 and hAQP12. Among these, the narrowing

of the channels, their anomalous electrostatic profile

and the lack of a canonical ar/R site, although

maybe compensated by the presence of a possible al-

ternative ar/R site that we identified approximately

at the same height of the pore. As for hAQP12, its

pore shape and anomalous composition may consti-

tute an additional obstacle to the water passage.

Obviously many aspects concerning the molecu-

lar and biological function of hAQP11 and hAQP12

remain to be clarified and experiments are expected

to provide conclusive answers to many questions,

which are still open. However, we believe that in

this scenario the results of this study may constitute

the basis for the design of novel dedicated experi-

ments to provide additional contributions and illumi-

nate the functional role of these unique aquaporins.
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