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Annotation of the recently sequenced genome of the pea aphid (Acyrthosiphon pisum) identified a gene
ApAQP2 (ACYPI009194, Gene ID: 100168499) with homology to the Major Intrinsic Protein/aquaporin super-
family of membrane channel proteins. Phylogenetic analysis suggests that ApAQP2 is a member of an insect-
specific clade of this superfamily. Homology model structures of ApAQP2 showed a novel array of amino acids
comprising the substrate selectivity-determining “aromatic/arginine” region of the putative transport pore.
Subsequent characterization of the transport properties of ApAQP2 upon expression in Xenopus oocytes

Keywords: e <
Aphid supports an unusual substrate selectivity profile. Water permeability analyses show that the ApAQP2 pro-
Aquaporins tein exhibits a robust mercury-insensitive aquaporin activity. However unlike the water-specific ApAQP1

protein, ApAQP2 forms a multifunctional transport channel that shows a wide permeability profile to a
range of linear polyols, including the potentially biologically relevant substrates glycerol, mannitol and sor-
bitol. Gene expression analysis indicates that ApAQP2 is highly expressed in the insect bacteriocytes (cells
bearing the symbiotic bacteria Buchnera) and the fat body. Overall the results demonstrate that ApAQP2 is
a novel insect aquaglyceroporin which may be involved in water and polyol transport in support of the
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1. Introduction

Major Intrinsic Proteins (MIPs) are an ancient class of integral mem-
brane protein channels that facilitate the selective bidirectional trans-
port of water and uncharged solutes across biological membranes [1].
The aquaporins represent the best characterized transporters in this
family, and these proteins play diverse roles in physiology by mediating
the bulk movement of water driven by osmotic and pressure gradients
[1-3]. Members of the MIP superfamily share a signature topology and
pore architecture, referred to as the “hourglass fold”. This topology
consists of six transmembrane o-helices related by a pseudo two-
fold symmetry [4]. Additionally, two highly conserved loops between
transmembrane «-helices 2 and 3, and transmembrane o-helices 5
and 6 form two smaller a-helical segments (the “NPA” boxes) which
fold back into the protein and pack with the six transmembrane «-
helices, forming a 7th pseudo transmembrane helix [4]. The pore formed
by the packing of these helices resembles an hourglass with the trans-
port selectivity determined by a narrow constriction, the “aromatic/
arginine” (ar/R) selectivity filter [4,5]. The ar/R selectivity filter is
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defined by four residues (one each from transmembrane helices 2
and 5, and two from the interhelical loop containing the second
NPA box) that mediate transport selectivity based on solute size
and hydrophobicity. Vertebrate MIPs generally fall into two broad
transport classes, water-selective aquaporins and multifunctional
aquaglyceroporins that differ in the amino acid composition of the
ar/R [3].

While the transport behavior and physiology of vertebrate aqua-
porins have been the subject of intensive study [3], the structure,
function, and physiology of invertebrate MIPs are less well studied
[2]. In the case of insects (e.g. bed bugs, mosquitoes, aphids, plant
hoppers) that ingest large volumes of vertebrate blood or plant sap,
aquaporins have been implicated in the bulk water movement across
various cellular membranes in the gut, participating in volume and
osmotic homeostasis, and fluid excretion [2,6-9]. For example, a
water-selective aquaporin, ApAQP1, expressed in both the stomach
and closely juxtaposed distal intestine of the plant-sap feeding pea
aphid (Acyrthosiphon pisum) has been proposed to serve an osmo-
regulatory role in water cycling [9].

Analysis of the recently sequenced genome of A. pisum [10] revealed
the presence of a second MIP gene encoding an aquaporin-like protein
(ApAQP2) that is represented among ESTs obtained from both whole
aphids [11] and isolated bacteriocytes [12]. Bacteriocytes are special-
ized aphid cells that house and maintain intracellular symbiotic y-
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proteobacteria Buchnera aphidicola (reviewed in [13]). The symbio-
sis has a nutritional basis: Buchnera provide the insect with essential
amino acids that are in short supply in the aphid diet of plant phloem
sap [14,15]. In this study, molecular modeling and functional analysis
reveal that ApAQP2 is a multifunctional aquaglyceroporin channel
that shows unique ar/R pore structure and exhibits permeability to
a wide range of physiologically relevant polyols and is localized to
both bacteriocytes and the fat body (an insect organ that functions
in energy storage and immunity). The potential significance of this
second aquaporin channel for the physiology of the insect, including
its symbiosis with intracellular bacteria, is discussed.

2. Materials and methods
2.1. ApAQP2 cDNA cloning

Acyrthosiphon pisum clone LLO1 was maintained on broad bean
Vicia faba cv. The Sutton, grown at 20 °C with a 16 h light/8 h dark
cycle. Aphids were homogenized in ice-cold TRIzol reagent (Invitro-
gen) and RNA was extracted following manufacturer's instructions
(Invitrogen). To remove contaminating DNA, the RNA was incubated
with RNAse-free DNAsel (Roche) for 30 min at 37 °C then at 75 °C for
15 min before purification with the RNAeasy minikit (Qiagen) using
the RNA cleanup protocol.

For ApAQP2 cDNA cloning, first strand cDNA was synthesized from
RNA using Superscript Il reverse transcriptase (Invitrogen) following
the manufacturer's instructions. ApAQP2 was amplified in 1x PCR
buffer, 1 mM MgSQO,4, 0.2 mM of each dNTP, 1 U KOD Hot Start Poly-
merase (Toyobo), 2 pL template (ca. 0.5 pg) and 1 uM gene-specific
primers (Supplemental Table 1) with the following conditions: 31 cy-
cles of 94 °C for 1 min, 35 °C for 1 min, and 72 °C for 2 min 30 s. PCR
products were purified by electrophoresis in a 1% (w/v) agarose gel
and were cloned into the pCR®-Blunt II-TOPO® plasmid vector (Invi-
trogen) following the manufacturer's instructions. Cloned PCR prod-
ucts were identified as ApAQP2 by sequencing using an Applied
Biosystems 3130 Genetic Analyzer (University of York Technology
Facility, York, U.K.).

2.2. Real time Q-PCR analysis of ApAQP2 transcript abundance

Embryo, fat body, gut, bacteriocyte and head tissues were dissect-
ed from 7-day-old final instar larvae using fine pins and scissors, and
the RNA was extracted from these tissues and parallel samples of
whole aphids, as described earlier. cDNAs were generated from
isolated RNA samples using Superscript II reverse transcriptase
(Invitrogen) and p(dNg) random hexamers (Roche). Control reac-
tions without reverse transcriptase (—RTase) were included in all
assays. The abundance of ApAQP2 transcripts was determined by
Q-PCR with an ABI Prism 7900 Sequence Detection System (Ap-
plied Biosystems), using the comparative Ct method. The reaction
mixtures contained 1x Power SYBR Green MasterMix (Applied
Biosystems), 0.1 uM gene-specific primers (Supplemental Table 1),
and 2 pL cDNA template in a final reaction volume of 25 pL. Thermal
cycling conditions were 2 min at 50 °C, 10 min at 95 °C followed by
40 cycles of 15 s at 95 °C and 1 min at 60 °C. The assays included a
dissociation curve (95 °C for 30 s followed by a 60-95 C tempera-
ture ramp in increments of 0.5 °C for 1 min each), which confirmed
that all detectable fluorescence was derived from specific products.
All experimental samples were assayed in triplicate, with template
free and -RTase controls. The relative expression of ApAQP2 was
assessed by determining the threshold cycle (Ct), and each tran-
script was normalized to the expression of the ribosomal protein
L32 transcript (RPL32) standardized to the expression level of the
transcript in the whole aphid body.

2.3. Expression and functional analyses of ApAQP2 in Xenopus laevis
oocytes

The ApAQP2 open reading frame (ORF) was amplified by PCR from
the pCR Blunt-II TOPO vector (Invitrogen) with ExTaq polymerase
and gene-specific primers (Supplemental Table 1) containing BamHI
restriction sites, and was cloned into the Bglll site of the pXRG-FLAG
vector by the approach described in [16]. The final expression con-
struct contained ApAQP2 open reading frame translationally fused to
an N-terminal FLAG epitope tag.

Capped cRNA was produced from Xbal-linearized Flag-ApAQP2/pXPG
and soybean nodulin 26/pXRG constructs by using the AmpliCap-Max T3
High Yield Message Maker Kit (Epicentre Technologies). Stage V and VI
X. laevis oocytes were microinjected and cultured as described previ-
ously [9,16]. Experimental oocytes were injected with 46 nL of 1 ng/
nL of each test cRNA, and negative control oocytes were injected
with an equivalent volume of sterile RNase-free water. Expression
of ApAQP2 and nodulin 26 proteins in oocytes was quantified by
Western blot analysis of oocyte lysates using an anti-FLAG epitope
monoclonal antibody (Stratagene) for ApAQP2-injected oocytes, and
an antibody against soybean nodulin 26 for nodulin 26-injected oocytes
as previously described [16-18]. The osmotic water permeability (Pf) of
Xenopus oocytes was determined as previously described [16,18]. Oo-
cytes were placed in a 15 °C bath solution containing diluted (30%)
frog Ringers solution [16-18], and serial images of the oocytes were
collected as they began to swell in response to hypoosmotic challenge.
The rate of oocyte swelling (d[V/V,]/dt) determined by video microsco-
py was used to calculate the osmotic permeability coefficient (Py) using
the following equation:

Vo /So(d[V/V,]/dt)
(@) V,,(0smy, —osmy,;)

sphere

Py =

where Vj is the initial volume and S, is the initial surface area of the oo-
cyte, osmy, is the osmolarity on the inside of the oocyte, 0smg, is the
osmolarity of the bathing solution, V,, is the partial molar volume of
water (18 cm?/mol), S;ear is the actual oocyte surface area, and Ssphere
is the theoretical oocyte surface area assuming a perfect sphere. A
value of Syeal/Ssphere Of 9 was used in all calculations to correct for the
increase in oocyte plasma membrane area resulting from the presence
of folds and microvilli [18].

The effect of mercurials on transport was investigated by pre-
incubating ApAQP2-injected oocytes in frog Ringers solution supple-
mented with 1 mM HgCl, for 5 min prior to assay. The viability of
control and ApAQP2-expressing oocytes was verified by measure-
ment of the resting oolemma membrane potentials as described in
[19]. All oocytes possessed inwardly negative resting potentials be-
tween —22 and —25 mV, consistent with the reported membrane
potential values of viable oocytes [20].

Xenopus oocytes expressing ApAQP2 were assayed for solute perme-
ability by two different methods. Nonradiolabeled solute uptake assays
were performed by measuring solute-induced swelling under isoosmo-
tic conditions as previously described [ 16]. The oocytes were placed into
a bath solution containing isoosmotic frog Ringers solution with the
NaCl component replaced with 200 mM test solute. In this assay, solute
uptake results in an inwardly-directed osmotic gradient that leads to
water uptake and oocyte swelling. Solute uptake is reported as an
oocyte swelling rate [d(V/V,)/dt], determined by video microscopy.

Radiolabeled glycerol and mannitol uptake assays were per-
formed by a method modified from [16]. Twelve oocytes were incu-
bated in 150 pL of 5 mM HEPES NaOH pH 7.6, 86 mM Nacl, 2 mM KCl,
5 mM MgCl,, 0.6 mM CaCl, supplemented with 20 mM ’H-glycerol
(14 uCi/mL) for glycerol uptake assays, or with 20 mM “C-mannitol
(1.4 pCi/mL) for mannitol uptake assays. All radioisotopic assays were
conducted for 10 min at 25 °C. The oocytes were rinsed four times
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with 10 mL of radioisotope-free, ice-cold assay buffer, and separated
into three groups of four oocytes in scintillation vials. The oocytes
were lysed in 300 pL of 10% (w/v) SDS and isotope uptake was quanti-
fied by asin [16].

2.4. Molecular modeling

A homology model of ApAQP2 was constructed using the Molecular
Operating Environment software (MOE2009.10; Chemical Computing
Group, Montreal, Canada). The crystal structure of human AQP4 (pdb
3GD8 [21]) was chosen as the structural template because of its high
resolution (1.8 A) and the high level of amino acid sequence identity
(33%) to the ApAQP2 amino acid sequence within transmembrane
helical regions that form the transport pore. Similar results were
obtained with other aquaporin structural templates (data not shown).
ApAQP2 was aligned with the AQP4 template by using the MOE struc-
tural alignment tool. Homology models were constructed by using the
homology modeling facility in MOE and the CHARMM?27 force field.
An ensemble of ten possible structures for ApAQP2 was generated and
ranked by packing score. The model with the most favorable packing
score (3.0373) was energy-minimized using the CHARMM?27 force
field and distance-dependent dielectric down to an energy gradient
of 107 kcal/mol/A2. The stereochemical quality of the final model
was assessed by using Ramachandran plot analysis and the Protein
Report structural analysis function in the MOE Protein Structure
Evaluation package as previously described [22] to determine disal-
lowed bond angles, bond lengths, and side-chain rotamers. The final
ApAQP2 model possessed two residue outliers in the Ramachandran
plot. Both residues were found in the unconserved and unstructured
region of the Cloop which does not contribute to the formation of the
aquaporin fold and transport pore. Pore diameters of homology
models were calculated using the HOLE2.0 program [23] of the ener-
gy minimized homology model structure using the simple.rad van
der Waals radius file.

2.5. Phylogenetic analysis

The protein sequences were aligned using ClustalX [24], checked
manually in BioEdit 5.0.9 [25] and truncated to remove the predicted
N and C terminal cytoplasmic tails, which could not be aligned with
confidence. Bayesian inference (BI) and maximum likelihood (ML)
analyses were conducted, following selection of the WAG + I+ model
[26], using the optimal instantaneous rate matrix estimated in
ProtTest 1.4 [27]. The gamma shape parameter v and proportion
of invariable sites were estimated as part of the analysis. Eight rate
categories were used for rate heterogeneity estimation. The Bl anal-
ysis was run in MrBayes 3.1.2 [28]. Data were processed in two par-
titions. In the first partition, gaps in the amino-acid alignment were
treated as missing data, and phylogenetic information present in
the gaps was then encoded as a binary dataset of the same length
and analysed as the second partition. Each Metropolis-coupled
Markov chain Monte Carlo (MCMC) run was three million genera-
tions long, sampled every 1000th step, and the first 30% of sampled
trees were discarded as burn-in. The runs were considered con-
verged when average standard deviation of split frequencies was
less than 0.01 and potential scale reduction factor approached 1.0.
The observed 95% confidence interval of the tree length did not in-
clude ML tree length estimate and branch lengths were subse-
quently calculated using ML approach on fixed BI tree topology in
RAXML 7.2.6 [29]. The ML analysis was performed in PhyML 3.0
[30] with BION]J selected as the starting tree and NNI tree topology
search algorithm. Alignment gaps were treated as missing data and
bootstrap support was estimated from 100 parametric replicates.
Midpoint rooting was used in the analyses. Posterior probabilities >0.95
in Bl analyses and bootstrap support>70% in ML analyses were desig-
nated significant. Analyses were conducted on computational clusters

at the Institute of Vertebrate Biology AS CR, Brno, Czech Republic and
Bioportal, University of Oslo, Norway.

3. Results
3.1. Sequence and phylogenetic analysis of pea aphid aquaporin genes

Detailed examination of the pea aphid genome [Acyr 2.0 primary
assembly (NCBI)] resulted in the identification of three gene loci
encoding proteins with aquaporin/MIP homology. The first locus
corresponds to the aquaporin gene ApAQP1 (ACYPI006387, Gene ID:
100165436 on scaffold NW_003383975). ApAQP1 expression generates
two isoforms by alternative splicing of the 5’ exons encoding proteins of
272 and 250 amino acids, respectively. The dominant isoform expressed
in the gut is isoform-1 (272 amino acids, NP_001139376.1), which has
been demonstrated previously to function as a Hg-sensitive water-
selective aquaporin involved in water cycling and osmoregulation [9].
A second locus (Gene ID: 100573582, scaffold NW_003384268) en-
codes an aquaporin-like protein in which the amino-terminal 212
amino acids is identical to ApAQP1 isoform-1. However this protein
diverges from the canonical aquaporin sequence with the 60 carbox-
yl terminal residues of ApAQP1 replaced by 41 amino acids that lack
aquaporin/MIP pore forming determinants (the second NPA box and
the LE; and LE, residues of the ar/R selectivity filter), suggesting that
it is incapable of forming a functional aquaporin/MIP channel.

Another aquaporin-like gene (ACYPI009194, Gene ID: 100168499,
scaffold NW_003383567), which we refer to as ApAQP2, encodes two
transcriptional variants that encode separate protein isoforms: isoform-
1 (308 amino acids [Fig. 1]) and isoform-2 (275 amino acids), which
lacks the 33 N-terminal amino acids in isoform-1. Published EST data
indicate that both isoforms of this gene are expressed in aphids [11].
This study focused on isoform-1, building on evidence that it is expressed
inisolated bacteriocytes [12]. It contains all of the sequence and structural
characteristics of the MIP channel family, including six predicted trans-
membrane domains and two canonical NPA boxes, all components of
the prototypical “hourglass fold” of the aquaporin/MIP superfamily
(Fig. 1).

The phylogenetic position of the ApAQP2 protein sequence was
investigated by comparison with 60 animal MIP sequences using
Bayesian (BI) and maximum likelihood (MI) methods. The tree to-
pologies obtained with the two methods were very similar, assigning
all but one of the sequences to one of four significantly supported
clades, termed A-D (Fig. 2 shows the BI tree). Clade A contained a
number of functionally characterized water-specific aquaporins from
both mammals and insects. This clade contains the three insect subfam-
ilies of aquaporins, BIBs, DRIPs, and PRIPs [2]. The previously character-
ized A. pisum aquaporin ApAQP1 [9] clusters within the PRIP subfamily.
Clade C represents a group of functionally characterized mammalian-
like aquaglyceroporins that includes AQP3, AQP7, and AQP9 [31-33].
Clade D MIPs are similar to human AQP11 and AQP12, which have
been termed “superaquaporins”, and yet have poorly defined transport
properties [34].

ApAQP2 was assigned to clade B, which differs from the other
clades in that all members are of insect origin. Since ApAQP2 belongs
to an insect-specific clade, distinct from other MIP family members
with canonical aquaporin or aquaglyceroporin activities, structural
and functional analyses were undertaken to model the putative trans-
port pore and determine its transport selectivity.

3.2. Molecular modeling of ApAQP2

The structural properties of the putative transport pore of ApAQP2
were investigated by molecular modeling by using the Molecular Op-
erating Environment (MOE) software. A homology model of the
ApAQP2 protein was constructed utilizing the 1.8 A X-ray structure
(PDB ID 3GD8 [21]) of human AQP4 as a modeling template (Fig. 3).
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Fig. 1. Amino acid sequence of ApAQP2: The full length cDNA sequence of ApAQP2 showing the open reading frame and deduced amino acid sequence. The predicted transmem-
brane domains are highlighted in dashed boxes, the NPC and NPA motifs in solid boxes, and the residues of the proposed ar/R selectivity filter in solid circles. The position of a

potential polyadenylation site in the 3’-untranslated region is underlined.

The structural alignment of the ApAQP2 homology model with the
modeling template was excellent with an average carbon backbone
root mean square deviation (rmsd) of 0.762 A. All elements of the
aquaporin fold were apparent which allowed modeling of the pre-
dicted pore determinant regions.

The selectivity-determining ar/R region consists of a tetrad of
residues from transmembrane «-helices 2 (H2) and 5 (H5), as well
as two residues from the 2nd NPA helical loop E (LE; and LE;) [22]. In
the human AQP4 X-ray structure, these residues are Phe 77, His 201,
Ala 210, and Arg 216, respectively. This collection of ar/R residues,
particularly a conserved His at the H5 position, is characteristic of
water-selective aquaporins. In the AQP4 ar/R structure, water is
bound by four hydrogen bonds collectively contributed by the sides
chains of His 201, Arg 216, as well as by the backbone carbonyl of
Ala210[21]. These residues provide the necessary structural features
to facilitate rapid water transport while the small ar/R diameter
excludes larger solutes, resulting in a high conductance water-
specific channel.

The ApAQP2 homology model suggests that the Phe residue at H2
and the Arg residue at LE; are conserved with respect to human AQP4
(Fig. 3B). Comparison of the predicted ar/R residues of Clade B MIPs
suggests that these two aquaporin-like ar/R residues are conserved
in other subfamily members as well (Table 1). However, ApAQP2 con-
tains a Ser substitution at H5, which is a highly conserved His in AQP4
and other water-specific aquaporins. The presence of a Ser, Cys or Ala
in the place of His is a characteristic feature of the Clade B insect MIPs
(Table 1). At the LE; position, ApAQP2 possesses an unusual Asn

residue, whereas water-selective aquaporins and other Clade B MIPs
possess a smaller amino acid, typically Ala, Gly or Cys (Table 1).
Modeling of the predicted ApAQP2 pore diameter using the HOLE
program suggests that the ar/R region still forms a size constriction,
albeit with a larger pore diameter compared to AQP4 (Fig. 3C). Over-
all, the novel ar/R region of ApAQP2 is atypical of water-specific aqua-
porins and mammalian aquaglyceroporins, suggesting that this
protein may exhibit different functional properties and substrate se-
lectivity compared to these well-characterized MIP channels.

3.3. Functional analysis of ApAQP2 transport

To investigate the functional properties of ApAQP2, the protein
was expressed in X. laevis oocytes and subjected to water and solute
transport analyses. Assays of ApAQP2-injected oocytes indicated
that expression of this channel increases the osmotic water perme-
ability (Py) of the oocyte plasma membrane 15-fold, a clear indication
of aquaporin activity (Fig. 4A). Western blot analysis confirmed that
this increase in Py corresponded with the expression of the ApAQP2
channel (Fig. 4B). The effect of HgCl,, a classical aquaporin inhibitor,
was also investigated. Unlike many aquaporins, including the water-
selective ApAQP1 [9], the Py of ApAQP2 oocytes treated with 1 mM
HgCl, was not significantly different (p=0.265) from untreated con-
trols (Fig. 4C).

Due to the unusual composition of the ApAQP2 ar/R region, a
broader range of test solutes was assayed to investigate the chan-
nel substrate selectivity. Similar to the well-characterized soybean
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Fig. 2. Phylogenetic analysis of aphid aquaporins: A phylogenetic tree of animal aquaporin sequences was generated by Bayesian inference based on the Blosum62 rate matrix with
gamma distribution of rate variation across sites. Numbers above edges denote statistically significant posterior probability (>0.95). Genus and species names are indicated in
italics with NCBI protein sequence identifiers indicated in parentheses. The sequences comprising the four phylogenetically supported clades (A-D) are labeled by vertical bars
in the right margin. The sequence identifiers for ApAQP2, as well as the water-specific ApAQP1 [9] are shown in bold.

nodulin-26 aquaglyceroporin (GmNod26 in Table 1) [18,35], ApAQP2-
expressing oocytes showed an increased permeability to "H-glycerol
(Fig. 5A). However, ApAQP2-expressing oocytes also exhibited a 10-
fold increase in permeability to the larger polyol mannitol, while the

nodulin 26-expressing oocytes effectively excluded this solute (Fig. 5B).

Oocyte solute-dependent swelling assays were also performed to
test ApAQP2 permeability to a wider range of polyols and model sub-
strates. In agreement with the data from radioisotopic uptake assays,
ApAQP2-expressing oocytes were permeable to mannitol as well as
the epimeric six carbon alditols galacitol and sorbitol (Fig. 6). Addi-
tionally, ApAQP2-expressing oocytes were permeable to four carbon
(erythritol) and five carbon (arabinitol, ribitol, xyltiol) alditols. The
measured permeabilities for each solute were very similar, and the
ApAQP2-expressing oocytes exhibited very little transport preference
for alditol chain length or hydroxyl group stereochemistry. ApAQP2-

expressing oocytes were also capable of transporting the uncharged
test compounds formamide and urea, which are also common sub-
strates for many aquaglyceroporins. However, ApAQP2-expressing
oocytes were not permeable to the cyclic six-carbon polyol inositol.
Overall, these results indicate a unusual substrate profile for
ApAQP2 which forms a high-conductance, Hg-insensitive water chan-
nel that is also permeated by a broad but defined range of linear
polyols.

3.4. Expression analysis of ApAQP2 in A. pisum

Previous studies have indicated that ApAQP2 is expressed in whole
aphid samples [11] and bacteriocytes [12]. To quantitate more pre-
cisely the expression pattern of ApAQP2, transcript levels in dissected
pea aphid organs was investigated using real-time Q-PCR expression
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Fig. 3. Homology modeling analysis of ApAQP2 pore-forming residues: A homology model of ApAQP2 generated with the Molecular Operating Environment (MOE) software using
the experimental AQP4 structure (pdb 3GD8) as a structural template. A. Superimposition of the structural model of ApAQP2 (fushia) and the AQP4 structure (yellow). The water
molecules in the AQP4 pore are indicated by light blue spheres to show the position of the transport pore. The relative positions of the extracellular space (ex) and the cytosol (cyt)
are indicated. B. The residues comprising the ar/R region of ApAQP2 (fushia) are shown viewed perpendicular to the transport pore axis from the extracellular face of the protein
superimposed upon the corresponding residues in the AQP4 structure (yellow). Each ApAQP2 ar/R amino acid is labeled with the single letter amino acid designation as well as the
residue index. The ar/R positions proceed counterclockwise as follows: H2, H5, LE;, LE,. The position of the transport substrate (water) bound to the ar/R region is indicated by the
light blue sphere. C. Comparison of the ar/R regions of the AQP4 and ApAQP2 structures with HOLE. The calculated pore radius along the z-coordinate of the pore across the ar/R

region is shown.

analysis (Fig. 7). ApAQP2 expression levels were significantly over-
represented in the fat body (5.1-fold) and bacteriocytes (19.3-fold),
and under-represented in the aphid gut.

Table 1

Conservation of pore-forming residues of insect clade B MIP sequences.
Protein® Ar/R residues® NPA motifs®

H2 H5 LE, LE, NPA1 NPA2

Selective aquaporins
HsAQP4 F H A R NPA NPA
ApAQP1 F H A R NPA NPA
Aquaglyceroporins
GmNod26 w \ A R NPA NPA
HsAQP3 F G Y R NPA NPA
PfAQP W G F R NLA NPS
Glyceroporins
EcGIpF w G F R NPA NPA
Clade B insect MIPs
ApAQP2 F S N R NPC NPA
AQP-Bom2 F S A R NPS NPA
AaMIP1 F A A R NPA NPA
AaMIP2 F S A R NPS NPA
PhcMIP1 F A C R NPA NPA
PhcMIP2 F A G R NPS NPA
NvMIP1 F A C R NPA NPV
NvMIP2 F C C R NPA NPA
TcMIP F S A R NPA NTA
AmMIP F A C R NPA NPA
DmCG4019 F A G R NPA NPA
DmCG17664 F S A R NPA NPV
RpMIP F S A R NPV NPV

2 The protein sequence name for each MIP isoform is indicated. Genus and species
designations are as follows: Hs, Homo sapiens; Gm, Glycine max; Pf, Plasmodium
falciparum; Ec, Escherichia coli; Ap, Acrythosiphon pisum; Rp, Rhodnius prolixus;
Aa, Aedes aegypti;Phc, Pediculus humanus corporis; Nv, Nassonia vitripennis; Tc, Tri-
bolium castaneum; Am, Apis melifera; Dm, Drosophila melanogaster. Accession num-
ber for these proteins are as follows: HsAQP4 (NP_001641), ApAQP1 (NP_001139376),
GmNod26 (CAA28471), HsAQP3 (NP_004916), PAQP (AAN35922); EcGIpF, (BAE77383);
ApAQP2 (NP_001139377), AQP-Bom2 (BAE97427), AaMIP1 (XP_001650170), AaMIP2
(XP_001650168), PhcMIP1 (XP_002428189), PhcMIP2 (XP_002430355), NvMIP1
(XP_001601253), NvMIP2 (XP_001601231), TcMIP (XP_970728), AmMMIP (XP_624194),
DmCG4019 (NP_611813), DmCG17664 (NP_788433), and RpMIP (CAC13959).

Y The residues comprising the helix 2 (H2), helix 5 (H5), loop E position 1 (LE; ) and loop
E position 2 (LE;) residues of the ar/R region are indicated for each sequence. A represen-
tative sequence alignment showing the position of each ar/R residue is shown in Supple-
mentary Fig. 1.

¢ The residues comprising the N-terminal (NPA1) and C-terminal (NPA2) NPA motifs are
shown for each sequence.

4. Discussion

This study has identified an aphid aquaglyceroporin gene, ApAQP2,
that is preferentially expressed in the bacteriocytes and fat body of
the pea aphid Acyrthosiphon pisum. ApAQP2 is a member of an insect-
specific clade (clade B MIPs) that is phylogenetically distinct from
other known animal aquaporin and aquaglyceroporin sequences. In
accordance with this observation, structural analysis of an ApAQP2
protein homology model indicates it contains novel substitutions
within the proposed selectivity-determining ar/R region. Similar to
water-selective aquaporins, Clade B MIPs contain a conserved Phe
at the H2 position and the invariant Arg residue at the LE, position
of the ar/R region. However, the Clade B ar/R possesses small neutral
hydrophilic amino acids (Ser or Ala) at the H5 position that results in
an overall wider and more hydrophilic selectivity filter compared to
other insect and mammalian aquaporins (Table 1). ApAQP2 is unique
among other clade B MIPs and most aquaporins since it contains an
unusual Asn residue at the LE; position. This positions an additional
side chain within the ar/R selectivity filter that could potentially cre-
ate new hydrogen bonding contacts for transported solutes.

Functional analysis of ApAQP2 in Xenopus oocytes indicates that the
protein possesses a multifunctional aquaglyceroporin activity capable
of transporting both water and neutral polyol substrates. ApAQP2 is
highly permeable to water, inducing a 15-fold increase in the Py of the
oolemma upon expression in Xenopus oocytes. However, unlike most
aquaporins, including the water-selective aphid aquaporin ApAQP1
[9], ApAQP2 water permeability was not sensitive to the common aqua-
porin channel blocker HgCl,. Although an unusual property, aquaporin
channels that are insensitive to mercury ions have been documented
[36,37]. The inability of Hg? ™ to block these transporters could be the
result of the absence a Cys residue near the transport pore.

While ApAQP2 transports glycerol in a manner similar to estab-
lished animal (e.g., AQP3 [31]), higher plant (e.g., nodulin 26 [35]),
protist (e.g., PfAQP [38]) and bacterial (e.g., GIpF [39]) aquaglycero-
porins, it differs significantly from these proteins with regard to its
polyol transport behavior. For example, the well characterized
E. coli GIpF shows limited ability to transport longer polyol sub-
strates. E. coli GIpF transports the five carbon polyol ribitol at a rate
similar to the established biological substrate glycerol, but exhibits
strong size and stereoselectivity preferences for other polyols, with
epimers of ribitol (e.g., xylitol and arabinitol) showing low perme-
ability, and the six carbon compounds mannitol and sorbitol show-
ing complete impermeability [40]. Additionally, a multifunctional
aquaglyceroporin isolated from Plasmodium falciparum (PfAQP) exhibited
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Fig. 4. Water permeability analysis of Xenopus oocytes expressing ApAQP2: A. Xenopus oocytes were injected 46 ng of ApAQP2 cRNA (white bar) or soybean nodulin 26 cRNA
(hatched bar) and osmotic water permeability (P) was determined by the oocyte swelling assay. Oocytes injected with sterile RNase free-water were used as negative controls
(black bar). Error bars represent SEM (n= 10 oocytes). B. Western blot analyses of oocyte lysates (20 ug total protein per lane). Top panel, Coomassie blue stained SDS-PAGE
gel, middle panel, Western blot with anti-FLAG antibody, bottom panel, Western blot with anti-nodulin 26 antibody [55]. The positions of the molecular weight markers are indi-
cated to the left of each panel. C. Negative control and ApAQP2-expressing oocytes were pre-treated with 1 mM HgCl, (solid black bars) prior to the standard water permeability
assay described in Materials and methods. Untreated oocytes (hatched bars) were used as controls. Error bars represent SEM (n=6-9 oocytes).

robust permeability to five carbon polyols with a preference for arabitol
and xylitol. However, PfAQP was impermeable to the five carbon stereo-
isomer ribitol [38] and was also impermeable to the larger six carbon
polyol mannitol [41]. In contrast, ApAQP2 shows strong permeability to
a wide variety of linear polyols (C3 to C6) with little apparent preference
for hydroxyl group stereochemistry, indicating a fundamental difference
between in the transport pores of these classes of aquaglyceroporins.

Vertebrate aquaglyceroporins are a structurally and functionally
conserved class of MIPs that cluster into a distinct phylogenetic
group (Clade C) with a defined ar/R selectivity filter (Table 1). Inter-
estingly, clade C MIPs are poorly represented in invertebrates where-
as a diverse array of Clade B MIPs is represented in all insect species
examined. This suggests that insects have acquired structurally and
functionally distinct aquaglyceroporins compared to their vertebrate
animal counterparts. It is unknown whether the broad array of
polyol transport properties exhibited by ApAQP2 is shared by other
clade B MIPs. Transport behavior of another clade B MIP, encoded
by AQP-Bom2 from the silkworm Bombyx mori, shows that it is able
to transport water, glycerol and urea [42], but its selectivity and abil-
ity to transport larger polyols (e.g., mannitol or sorbitol) have not yet
been assessed.

The variety of substrates transported by ApAQP2 also raises the
question of the physiological function of water and polyol transport
through this multifunctional channel. Based on Q-PCR expression
analysis, ApAQP2 is highly expressed in aphid bacteriocytes as well
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as in fat body cells. Both of these cell types are bathed in the hemo-
lymph and actively engage in exchange of metabolites and solutes
with this circulatory fluid. The osmotic pressure of the aphid hemo-
lymph is tightly regulated within narrow limits, thereby protecting
the fat body, bacteriocytes and other internal organs from the high
and variable osmotic pressure of plant phloem sap ingested by the in-
sect into the gut lumen [43,44]. One potential role for the robust
aquaporin activity of ApAQP2 could be the maintenance of osmotic
equilibrium between the hemolymph and bacteriocytes or fat body
cells through rapid adjustments in water content.

With respect to aphid physiology, the polyol transport activity of
ApAQP2 could also participate in carbohydrate metabolism and
transport related to stress biology as well as the symbiosis with
the Buchera bacteria. The accumulation of polyols including manni-
tol, sorbitol and erythritol in insects [45-47] has been linked to the
ability of these compounds to protect proteins and membrane struc-
tures from denaturation and disruption in response to osmotic and
temperature (cold or heat) stresses. In the case of aphids, both man-
nitol (Aphis gossypii [48]) and sorbitol (Acyrthosiphon pisum [49]) ac-
cumulate to high concentrations, particularly in response to heat
stress, and may play a role in thermotolerance [49,50]. Polyols have
been proposed to be synthesized from fructose precurors in the he-
molymph via a ketone reductase activity isolated from whole aphids
[50], although the discovery of a putative aldose reductase gene
(ACYPI005685) expressed in the bacteriocytes and fat body ([51],
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Fig. 5. Analysis of glycerol and mannitol permeabilities of ApAQP2 by radioisotopic substrate uptake: Xenopus oocytes injected with ApAQP2 (white bars) or nodulin-26 (hatched
bars) cRNAs were assayed for uptake of A. “H-glycerol or B. “C-mannitol. Oocytes injected with sterile RNase-free water (black bars) were used as negative controls. Error bars rep-
resent SEM (n=4). Asterisks over individual bars signify that transport rates are significantly higher than control oocytes (*p<0.05; **p<0.01; ***p<0.001).
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Fig. 6. ApAQP2 permeability to a series of polyol transport substrates: Xenopus oocytes
were injected with ApAQP2 cRNA, and were assayed for permeability to various solutes
by video microscopy using an oocyte swelling assay (white bars). Oocytes injected
with sterile RNase-free water (black bars) served as a negative control. Assays were
conducted by immersion of oocytes in an isoosmotic Ringer's solution containing the
test solutes shown above each bar. The swelling rates were measured as a change in
oocyte volume [(dV/Vp)/dt] due to the uptake of each test solute followed by the
osmotically-driven uptake of water. Error bars represent SEM (n = 10-24 oocytes).

Douglas, unpublished data) suggests additional potential sites of
polyol biosynthesis. Since polyols are largely impermeable to lipid
bilayers, the presence of a mannitol or a sorbitol facilitator such as
ApAQP2 may be essential for the transport and partitioning of
these critical protective polyols within bacteriocytes and fat body
cells.

With respect to the bacteriocytes, ApAQP2 may have a symbiotic
function. Most of the bacteriocyte cytoplasm is occupied by Buchnera
cells, each of which is enclosed individually in a membrane of aphid
origin (“the symbiosome membrane”). All metabolites required by
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Fig. 7. Quantitative PCR analysis of ApAQP2 gene expression in aphid tissues: Expres-
sion of the ApAQP2 gene was normalized to the RPL32 reference gene and standardized
to the ApAQP2 transcript expression level over the entire aphid body. Significant differ-
ences in expression (*) were determined by multiple t-tests with Bonferroni correction
for five tests (critical probability ac=0.01).

the Buchnera and products of Buchnera metabolism are, of necessity,
transported across the symbiosome membrane. The Buchnera ge-
nome is much reduced (0.64 Mb) and of small gene content (620
genes) [52], but it has retained the genes for a GlpF-like glycerol
faciliator and a mannitol phosphotransferase system MtIAD, sug-
gesting conservation of a polyol transport system. The potential sig-
nificance of mannitol in the symbiosis is further underscored in silico
analysis of the Buchnera metabolic network which suggests that it
could represent an important carbon source for the endosymbiont
[53,54]. In addition, the ability to take up and partition polyols be-
tween the aphid bacteriocyte cell cytosol, the internal space of the
symbiosome, and Buchnera cells, may aid in osmoregulation. Based
on the permeability profile of ApAQP2, and the observation that its
expression is enriched in bacteriocytes, a potential transport func-
tion of these physiologically relevant polyols can be postulated. The
determination of the ApAQP2 subcellular localization in bacterio-
cytes, including the determination of whether it is a symbiosome
membrane protein, will provide valuable insight into these potential
functions of this unusual aquaglyceroporin.

In summary, this study shows that the pea aphid aquaporin ApAQP2
is a multifunctional MIP that exhibits unprecedented substrate selectiv-
ity to both water and a wide range of potentially relevant linear polyols.
Transport analyses suggest potential physiological functions of the pro-
tein in osmoregulation, as well as carbon nutrition of the insect and its
symbiotic bacteria, and also provide a basis to investigate the transport
properties of related MIPs in other insects. As a final note, it is also im-
portant to recognize that ApAQP2 is apparently expressed as two tran-
script variants that encode different protein isoforms that have the
same core aquaporin-like pore structure but differ in the length of
their cytosolic amino terminal regions. Further investigation is needed
to determine the biological significance of these alternative splice vari-
ants in Acyrthosiphon pisum physiology.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbamem.2011.11.032.
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