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PREFACE

Sixteen years have passed since human aquaporin-1 (AQP1) was discovered as 
the first water channel, facilitating trans-membrane water fluxes. Subsequent years 
of research showed that the water channel AQP1 was only the tip of an iceberg; the 
iceberg itself being the ubiquitous super family of membrane intrinsic proteins (MIPs) 
that facilitate trans-membrane transport of water and an increasing number of small, 
water-soluble and uncharged compounds. Here we introduce you to the superfamily 
of MIPs and provide a summary about our gradually refined understanding of the 
phylogenetic relationship of its members. This volume is dedicated to the metalloids, 
a recently discovered group of substrates for a number of specific MIPs in a diverse 
spectrum of organisms. Particular focus is given to the essential boron, the beneficial 
silicon and the highly toxic arsenic. The respective MIP isoforms that facilitate the 
transport of these metalloids include members from several clades of the phylogenetic 
tree, suggesting that metalloid transport is an ancient function within this family of 
channel proteins.

Among all the various substrates that have been shown to be transported by 
MIPs, metalloids take an outstanding position. While water transport seems to be a 
common function of many MIPs, single isoforms in plants have been identified as 
being crucially important for the uptake of boric acid as well as silicic acid. Here, 
the function seems not to be redundant, as mutations in those genes render plants 
deficient in boron and silicon, respectively. Various isoforms seem to play very 
specific role in either uptake or redistribution within the plant.

The discovery of metalloid transport through MIPs and in particular the transport 
of arsenic and antimony has been instrumental to further develop strategies in medical 
research and application.

With the present work we try to put into context the recent advances that have 
changed our view on how transport of metalloids through these MIPs is integrated into 
a network of molecular players including metabolic enzymes and other transporters 
that together aid in homeostatic processes at the cellular level.

This book also provides aspects of the environmental chemistry of metalloids 
relevant for the reader to understand the role of MIPs in the exchange of metalloids 
between organisms and their environment. Finally, a chapter is included about 
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biomimetic membranes, artificial membrane systems that are currently being 
used in combination with MIPs for water purification providing an example for 
biotechnological interest in the large group of MIPs with various specificities.

It has been an exciting experience to be part of the discovery of metalloid 
transport through MIPs and it has been a pleasure to edit this book, a collaborative 
effort of experts, whose contribution is gratefully acknowledged. We would also like 
to express our special thanks to Elsbeth Bienert for providing the artistic illustrations 
at the beginning of each chapter.

Thomas P. Jahn, PhD
Gerd P. Bienert, PhD
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Aquaporins:
A Family of Highly Regulated Multifunctional 
Channels
Charles Hachez and François Chaumont*

Abstract

Aquaporins (AQPs) were discovered as channels facilitating water movement across cellular 
membranes. Whereas much of the research has focused on characterizing AQPs with 
respect to cell water homeostasis, recent discoveries in terms of the transport selectivity 

of AQP homologs has shed new light on their physiological roles. In fact, whereas some AQPs 
behave as “strict” water channels, others can conduct a wide range of nonpolar solutes, such as urea 
or glycerol and even more unconventional permeants, such as the nonpolar gases carbon dioxide 
and nitric oxide, the polar gas ammonia, the reactive oxygen species hydrogen peroxide and the 
metalloids antimonite, arsenite, boron and silicon. This suggests that AQPs are also key players 
in various physiological processes not related to water homeostasis. The function, regulation and 
biological importance of AQPs in the different kingdoms is reviewed in this chapter, with special 
emphasis on animal and plant AQPs.

Introduction—The Discovery of Aquaporins
Water is the most abundant substance in cells and organisms and is indispensable for life. 

Transport of water across phospholipid membranes is a universal requirement for any living 
organism, but, for decades, transmembrane water flow was explained only by the simple diffusion 
of water molecules through the phospholipid bilayer. However, this process is very slow and 
requires a high activation energy (Ea > 10 kcal/mol). The model of simple diffusion failed to 
explain why the membrane permeability of some cell types is so high that the bulk movement of 
water across the membrane occurs as fast as if no membrane was present and why the activation 
energy is comparable to that of water molecules diffusing freely in solution (Ea < 5 kcal/mol). 
Moreover, plasma membrane water permeability varies greatly for different cell types and, for 
a given cell type, transient variations in membrane water permeability are observed in response 
to the application of diuretic and anti-diuretic compounds or blocking agents, such as mercury 
chloride. These observations could only be explained if water channels existed in the membrane. 
The existence of such “hydrophilic pores” within biological membranes was first hypothesized 
in 1956 by Stein and Danielli1 to account for the high membrane water permeability of red 
blood cells, which cannot be explained by a simple diffusion model.2 In plants, the existence 
of such aqueous pores was first postulated by Ray.3 However, the exact nature and role of these 
water channels remained obscure for years. The discovery, in the beginning of the nineties, of 
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proteinaceous channels that enhanced the water permeability of the membranes solved this 
mystery. These water channels, named aquaporins (AQPs), shed a new light on water movement 
regulation, but, as the number and range of known AQP-permeating compounds constantly 
increases, it appears that AQPs also play a central role in many other biological processes not 
related to cell water balance regulation. AQP research has recently demonstrated that AQPs 
act as multifunctional channels and have unexpected roles. In this chapter, we will describe the 
nature of AQPs, as well as their regulation and involvement in cell physiology.

The first report of protein-mediated water transport through membranes was by Gheorghe 
Benga in 1986.4 In 1987, the archetypal animal water channel was accidentally copurified with 
the blood group antigen Rh from cell membranes of Rh (D)-positive erythrocytes.5,6 This 28 
kDa protein turned out to be extremely hydrophobic and, after isolation and characterization, 
was found to present some similarities with other channel-forming proteins7 and was therefore 
designated CHIP28 for “channel-like integral protein of 28 kDa”.8 CHIP28 was found to be 
expressed in tissues with a high water permeability5 and showed homology to other uncharac-
terized proteins: a 26 kD major intrinsic protein (MIP) from bovine lens cells, Drosophila big 
brain, soybean nodulin 26 and Escherichia coli glycerol facilitator (GLPF) protein. In 1992, 
evidence that CHIP28 displayed water channel activity when heterologously expressed in 
Xenopus oocytes or inserted in proteoliposomes constituted a major breakthrough in the field 
and paved the way to AQP research.9 CHIP28 was renamed AQP1 and MIP, as the original 
prototype member, was renamed AQP0. In 1999, Agre10 reported the first high-resolution 
images of the three-dimensional structure of AQP1 at 4.5 Å resolution. Further studies using 
computer simulations identified the path of water molecules as they move through the channel 
and demonstrated how a pore can allow water to pass without allowing the passage of small 
solutes.11,12 Peter Agre was awarded the 2003 Nobel Prize for chemistry for his role in the dis-
covery and characterization of AQP1.

AQPs belong to the ancient MIP family, the members of which are found in all kingdoms, 
with more than 450 AQPs having been identified in organisms ranging from vertebrates and 
insects to plants, fungi, bacteria13,14 and even viruses.15 MIPs form channels through membranes, 
facilitating the passive transport of water and other small neutral solutes. Although the term 
“aquaporin” was initially restricted to water-transporting MIPs, it is now used to describe all 
MIPs. While five to seven AQP homologues have been identified in different insect species14 
and 13 in mammals,16 higher plants show a higher multiplicity of isoforms, with 35, 33, or 
36 homologs in Arabidopsis thaliana, Oryza sativa, or Zea mays, respectively.17-19 Plant AQPs 
are classically grouped into four subfamilies on the basis of sequence similarity, these being 
the plasma membrane intrinsic proteins (PIPs), the tonoplast intrinsic proteins (TIPs), the 
nodulin 26-like intrinsic proteins (NIPs) and the small basic intrinsic proteins (SIPs). Recently, 
three other subfamilies, the GlpF-like intrinsic proteins (GIP), the hybrid intrinsic proteins 
(HIPs) and the uncategorized X intrinsic proteins (XIPs), have been discovered in the moss 
Physcomitrella patens.20,21

Whereas much of the research effort has focused on characterizing AQPs with respect to cell 
water homeostasis, recent discoveries about the transport selectivity of MIP homologs suggest 
that some AQPs are more than just water channels and that AQPs are involved not only in 
cell water relations, but also in many other major physiological processes.22,23 For example, in 
mammals, a role of AQPs in osmotically driven transepithelial fluid transport, as occurs during 
urine concentration and glandular fluid secretion, has been clearly demonstrated. In addition, 
involvement of AQPs in other physiological processes has been revealed, e.g., in cell migration, 
brain and corneal swelling, skin hydration, adipocyte fat accumulation, neural signal transduc-
tion and apoptosis.24-27 In plants, AQPs are involved in many major processes not strictly related 
to osmoregulation, including nutrient acquisition, nitrogen and carbon fixation, cell signaling 
and stress responses.28,29 This sheds new light on their physiological roles in living organisms 
that will be emphasized throughout this chapter.
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Topology of Aquaporins
AQPs are transmembrane proteins composed of 243 to 302 amino acids and typically containing 

six membrane-spanning �-helices, with the N- and C-termini located on the cytoplasmic side of the 
membrane. The N- and C-terminal halves form two tandem repeats of three membrane-spanning 
�-helices (TM1-TM6) showing significant sequence similarity. Each half contains two small hy-
drophobic loops (loops B and E). This tandem repeat structure probably originates from an ancient 
intragenic duplication preceding the divergence between pro- and eukaryotes 2.5 billion years 
ago.30 The cytosolic loop (loop B) between the second and third transmembrane domains and the 
extra-cytosolic loop (loop E) between the fifth and sixth transmembrane domains form short helices 
that are relatively hydrophobic. These two loops contain a asparagine-proline-alanine (NPA) motif, 
highly conserved in the MIP family, suggesting an essential role for protein function. The two halves 
of the protein show an obvious structural symmetry, with each of the NPA motif-containing loops 
dipping into the middle of the lipid bilayer to form two hemipores that, together, create a water-filled 
channel. The pore formed in AQP1 allows 3 × 109 water molecules per monomer per second to pass 
through the membrane.11,31,32 The narrowest part of the pore only measures about 3 Å, which is slightly 
larger than the 2.8 Å diameter of the water molecule.11 The highest degree of conservation is found 
in the transmembrane domains, particularly in the two regions containing the NPA motifs.

The three-dimensional structure of several AQPs has been determined at high spatial resolution 
(5 to 2.2 Å) by electron microscopy and X-ray crystallography.11,33-45 The AQP1 channel consists 
of three topological elements, an extracellular vestibule and a cytoplasmic vestibule connected by 
an extended narrow pore acting as the selectivity filter. As a result of the pore topology and spatial 
arrangement of amino acids within the pore region, AQP selectivity results from a combination 
of mechanisms, including size exclusion at two highly conserved constriction regions (the NPA 
motif and the aromatic/arginine filter) and stereoscopic recognition of the substrate mediated by 
spatially defined H-bonding and hydrophobic interactions within the pore.11,34,46 Analysis of the 
AQP pore indicates that proton transport through the channel is energetically highly unfavorable. 
Indeed, whereas water molecules can permeate the pore with a minimal energy barrier, transfer 
of protons is blocked by a combination of electrostatic repulsion, unfavorable dipole orientation 
and a H-bond isolation mechanism.11,12,34,47-49

AQPs usually form tetramers. This tetrameric assembly seems to be crucial for the proper 
folding, stability, targeting to the plasma membrane and even functionality of AQPs.33,42,50,51 
According to Murata et al,11 each monomer interacts with two neighboring monomers through 
the membrane-spanning �-helices. Nevertheless, the monomer is the functional unit, transport-
ing water independently of the other subunits in the complex.34,52,53 However, a recent report has 
shown that, even though each monomer provides its own functional water pore, the properties of 
this pore are determined by a cooperative interaction of the entire tetramer, allowing stabilization 
of the water pore structure.54

Selectivity of Aquaporins
AQPs were originally characterized as water channels and have been shown to increase the 

membrane water permeability by up to 20-fold. Their classical role in facilitating transcellular water 
transport in many fluid-transporting tissues is now well characterized in mammals and plants, as 
well as in single cell organisms.27,46 In mammals, involvement of AQP in the urine concentrating 
mechanism, gland fluid secretion and swelling of tissues under stress is currently being extensively 
studied using AQP-knockout mice and their unexpected role as water channels in processes such 
as cell migration has been recently demonstrated.27,55 In plants, metabolic control of the membrane 
water permeability by regulation of AQP activity constitutes a way to deal with environmental cues 
and control tissue water balance.28,56,57 Plant water balance is a broad concept which encompasses 
multiple aspects of plant-water relations, such as the regulation of long distance water transport 
(in the presence or absence of transpiration-driven fluxes), the appropriate water supply for main-
tenance of cell turgor and elongation and the regulation of cell homeostasis.
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The time when AQPs were considered as simple water conduits is now past, as a constantly 
increasing number of studies demonstrate that AQPs are multifunctional channels. Although some 
members of each of the main AQP subfamilies have been shown to act as water channels, AQPs 
are being found to have an ever-increasing range of substrates.22,23 Together with the fact that the 
different subfamilies of AQPs are distributed differently in tissues and cell compartments, the idea 
that some of these isoforms may not be restricted to water conductance, but are involved in solute 
transport, has recently found experimental support in the AQP community, with the identification 
of AQP substrates of physiological importance.14,28,58,59 Whereas some AQPs, such as SoPIP2;1,35 
behave as “strict” water channels, others can conduct a wide range of nonpolar solutes, such as urea 
or glycerol and even more unconventional permeants, such as the nonpolar gases carbon dioxide 
and nitric oxide, the polar gas ammonia, the reactive oxygen species hydrogen peroxide and the 
metalloids antimonite, arsenite [As(III)], boron (B) and silicon (Si).23,55,58 This indicates that AQPs 
are key players in various physiological processes not related to water homeostasis. For example, 
in mammals, there is now strong evidence for the involvement of aquaglyceroporin-facilitated 
glycerol transport in skin hydration and fat cell metabolism.58 In plants, GIP1;1, NtAQP1 and 
Nt-TIPa have been shown to facilitate the passage of urea and/or glycerol.20,60,61 Absorption of 
compounds, such as ammonia/ammonium or even formamide, has been shown to be facilitated 
by TaTIP2.62 Recently, the diffusion of reduced and noncharged species of the metalloids Si, B, 
arsenic and antimony was shown to be facilitated by MIPs from different organisms (reviewed 
in refs. 22,55). For example, Si uptake as silicilic acid is facilitated in rice by NIP Lsi1 (see also 
chapters by Ma as well as Bienert and Jahn in this book). Facilitated transport of Si is important 
in higher plants, as Si can account for up to 10% of the shoot dry weight.63 Boron uptake under 
conditions of B limitation is achieved through AtNIP5; 1 acting as a plasma membrane boric acid 
channel (see also the chapter by Miwa et al in this book).64 AtNIP2;1 transports lactic acid, with 
a preference for the protonated acidic form and its expression is highly up-regulated in response 
to water logging and anoxia stress. This suggests that AtNIP2;1 might play a role in adaptation 
to lactic fermentation under anaerobic stress.65 The finding that some plasma membrane AQPs 
facilitate CO2 diffusion in plants has recently shed new light on their function in carbon bioas-
similation in leaves.29,66 Hydrogen peroxide is used in signal transduction pathways and acts as both 
an intra- and inter-cellular signaling molecule55,67 and its diffusion has been shown to be facilitated 
by mammalian AQP8, but not by AQP1 and by two tonoplast AQPs from Arabidopsis (AtTIP1;1 
and AtTIP1;2).23 Interestingly, another nonwater permeant, ammonia, is conducted by AQP8, but 
not AQP1,62 which strongly suggests that close AQP orthologs show different selectivity profiles 
in a given organism. This fact, together with their tissue localization, is currently believed to be 
one of the main reasons for the diversity of AQP homologs found in a given organism.

Measurement of Aquaporin Activity and Water Movement
Different methods exist to measure the contribution of AQPs to membrane water permeability, 

each with advantages and disadvantages. We have chosen to illustrate four of the most commonly 
used approaches. It is worth noting that these methods are not restricted to measuring the water 
channel activity of AQPs, but can also be used to measure the passage of other solutes or gases. The 
different methods do not provide the same kind of information and are often complementary.

Cell Swelling Assays
Cell swelling assays were among the first methods used to investigate the water channel activity 

of AQPs. Different methods exist, but the most common employs defoliculated oocytes of the 
African clawed frog Xenopus, which exhibit low permeability to water due to the fact that their 
cell membrane is essentially devoid of water channels. An expression vector containing the AQP 
cDNA of interest (or in vitro transcribed mRNA) is microinjected into defoliculated oocytes, 
then, after sufficient time to allow the heterologous expression of the AQP protein (usually 48 to 
72 hours), the oocytes are examined under a microscope. Following hypoosmotic challenge, their 
volume change is recorded in real time. This method allows calculation of the water permeability 
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associated with the expression of a given AQP isoform in the oocyte plasma membrane and has 
been widely used in the AQP field.68,69 The Xenopus oocyte swelling assay has been used to assess 
functional consequences of amino acid substitutions or deletion on AQP activity and to measure 
cooperative effect of AQP proteins in regulating cell water permeability.68

The main drawback of this method is that it is laboratory animal-based and so faces increas-
ing legal restrictions aimed at guaranteeing animal welfare. Moreover, heterologous expression 
of AQPs does not always lead to the insertion of these proteins in the oocyte plasma membrane. 
Therefore a negative result in terms of swelling needs to be confirmed by localization of GFP 
fusion proteins or immunodetection. It is worth noting that oocyte swelling assays can be used 
to assess the selectivity of AQP isoforms by measuring the incorporation of radioactively labeled 
potential substrates in control and AQP-expressing oocytes.20 AQP-mediated gas conductance 
(NH3, CO2) as well as AQP-mediated passage of metalloids (Si, As(III) and B) have also been 
studied using this expression.63,70-72

In the plant field, a similar approach using plant cell protoplasts has been widely used to measure 
the activity of endogenous AQPs57,73-77 or of transiently or constitutively overexpressed isoforms.51,78 
Results using this expression system must be interpreted with caution, as results with protoplasts do 
not necessarily reflect the cell membrane water permeability measured in planta.77 The advantage 
for plant biologists is that protoplasts offer an easy-to-handle homologous expression system, but 
this method has important limitations in terms of the interpretation of the results, as the assign-
ment of the protoplast to a given cell type is difficult and as protoplasting probably modifies the 
expression of AQP genes.77,79

Stopped-Flow Spectrophotometry
Stopped-flow spectrophotometry, a technique widely used in AQP research, relies on the 

analysis of particle light scattering.80-83 Each suspended particle passing through a laser beam 
scatters the light in some way. This combination of scattered light is picked up by detectors and, 
by analyzing fluctuations in brightness at each detector, it is possible to correlate this with varia-
tions in the volume of the particle. Cytoplasmic volume variations can be monitored either by 
fluorescence quenching or by 90˚ scattered light. Using this technique, the kinetics of plasmolysis 
or deplasmolysis of AQP-expressing bacterial or yeast cells and of AQP-enriched reconstituted 
proteoliposomes in response to osmotic challenges are usually recorded in real-time. One advantage 
of this technique is that, once it has been correctly set up, repeatable results for a large panel of 
specific AQP isoforms can be rapidly acquired and the process can even be automated. Another 
is that analyses are performed on easy-to-transform single cell organisms (yeast, bacteria) or even 
under cell-free conditions (reconstituted proteoliposomes), which can allow the determination 
of the intrinsic water permeability of a single AQP isoform. Using such expression systems, care 
should be paid to the correct folding and targeting to the biological membrane, of the heterolo-
gously expressed proteins, as mentioned in the case of Xenopus oocytes.

Cell Pressure Probe Measurements
Pressure probe measurements allow determination of the cell hydraulic conductivity, Lp 

(m�s–1�MPa–1), by modulation of the cell turgor. This is currently the technique of choice to probe 
AQP activity in planta,77,84 but is unfortunately not applicable to cells lacking a rigid cell wall, 
such as animal cells. After puncturing of the cell using a microcapillary, it is possible to modulate 
its turgor pressure. The transmembrane water flow results from a hydraulic flow driven by the 
hydrostatic pressure gradient, �P, generated by the pressure probe which causes water to flow out 
of, or into, the cell. The parameter of interest is the half time (T w

1/2) value, the time required for 
half of the turgor change from a given value to the equilibrium value. The elastic modulus (�) is 
the other important physiological parameter that must be measured to correlate the volume and 
pressure of the cell and characterize the mechanical rigidity of the cell wall. High values of � refer 
to a low extensibility or a rigid cell wall, i.e., big changes in pressure cause small changes in cell 
volume. Low values of �, on the other hand, mean a highly extensible cell wall. The elastic modulus 
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has the dimensions of pressure and is usually given in MPa. These two parameters, T w
1/2 and � are 

used to calculate the cell hydraulic conductivity Lp according to Steudle et al.85

Proton NMR
Proton NMR technology uses the magnetic properties of hydrogen (1H) nuclei, present mostly 

in water. This technique detects changes in the properties of water protons as they move from one 
physical state or chemical configuration to another and thus permits the non-invasive detection 
of water movement in different compartments within an organism.86-88 The determination of the 
transport processes involved in water balance is a subject of considerable interest in many fields 
of research, e.g., in medicine or in plant and environmental sciences. The advantage of proton 
NMR over other analytical methods is its non-invasiveness and the possibility of simultaneously 
acquiring measurements at different organizational levels, from the whole organism to the tissue, 
or even the cellular, level. Magnetic resonance imaging allows visualization of both static and 
dynamic water phenomena. Imaging of water movement can be studied either by following the 
local intensity in time-controlled sequential images (e.g., for monitoring slow de- or rehydration 
processes) or by directly mapping proton displacement in a well defined time interval based on 
pulsed field gradient NMR or displacement imaging.86,88,89

Aquaporin Inhibition
Blocking of AQPs has been observed with compounds that can oxidize the Cys residues 

associated with the pore region of the protein or that can bind to protein sulfhydryl groups. A 
traditional method for determining the involvement of AQPs in physiological processes is the use 
of AQP inhibitors, such as mercury chloride (HgCl2).9,46,90 Treatment with a reducing agent, such 
as �-mercaptoethanol or dithiothreitol, partially reverses the inhibition. It should be noted that the 
use of this type of blocker can have many side effects, as they also perturb the ionic homeostasis of 
the cell and the integrity of its membrane. Phloretin, a flavonoid compound, is another transport 
blocker that has been shown to block AQPs in animals91,92 and plants.75,77,93,94 This compound is 
known to adsorb to lipid surfaces and to alter the dipole potential of lipid bilayers. Its mechanism 
of inhibition is still unclear, but it might interfere with the conformation of the AQP protein in 
the membrane.

Most, if not all, plant plasma membrane AQPs are specifically blocked by intracellular acidi-
fication due to the presence of charged His residues in the cytosolic loop D that control its con-
formation and the pore conductance.35,95 This mechanism can be used to artificially inhibit AQP 
activity; cell (or tissue) acid loading with propionic acid (20 mM) artificially induces acidosis, which 
reversibly and specifically inhibits AQPs.95 This reversible pH inhibition mechanism provides a 
novel and mild method for probing AQP activity in living organisms.

AQPs appear to play a central role in some human diseases, so it is possible that the manipula-
tion of water channel proteins using compounds developed for this purpose might be exploited 
for clinical benefit.27 These could be used to treat clinical disorders in which water depletion or 
water overload is an important factor, as in brain edema, glaucoma, epilepsy, obesity, or cancer. 
The search for AQP-targeting drugs using site modeling analysis and systematic screening is cur-
rently in progress.

Phenotype Analysis Reveals Involvement of Aquaporins in Key 
Physiological Processes

In some cases, AQP mutations in man have been used to study the biological significance of 
a given AQP isoform.27,96-98 However, reverse genetics, when applicable, provides a more specific 
and elegant approach to probing AQP activity in vivo and is the strategy of choice for studying 
the physiological roles of AQPs in living organisms. This approach theoretically makes it possible 
to alter the expression of a single gene or a set of genes.99 The role of AQPs in mammalian physiol-
ogy has been mainly studied by phenotype analysis of transgenic mouse models with AQP gene 
deletions/mutations.
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In both mice and humans, phenotype studies support the expected roles of AQPs as water 
channels mediating kidney fluid transport during urine concentration and fluid secretion from 
glandular epithelia. As thoroughly reviewed by Verkman et al,27,100 the analysis of these mutants has 
revealed that AQPs are involved in many kinds of unexpected physiological phenomena related 
to their ability to transport water, such as brain and corneal swelling, neural signal transduction, 
regulation of intracranial and intraocular pressure, tumor angiogenesis and cell migration. The 
strong expression of some mammalian AQPs in tumor cells, particularly in aggressive tumor cell 
lines, has received increasing attention regarding their role in cancer development. The involve-
ment of AQPs in cell migration and proliferation processes, as inferred from reverse genetic stud-
ies, suggests that they play key roles in cancer biology.27,100 For example, while AQP1 is expressed 
ubiquitously in tumor vascular endothelium, AQP1-null mice show defective tumor angiogenesis 
due to impaired endothelial cell migration.26 In contrast, enhanced migration of AQP-expressing 
cancer cells has been recorded in vitro and increased local tumor invasion, tumor cell extravasation 
and metastases have been found in vivo,100 showing that AQPs are important in tumor growth 
and spread. As glycerol facilitators, aquaglyceroporins have been found to play unexpected roles 
in skin hydration, fat metabolism and tumorigenesis.58,100 For example, AQP3-null mice have a 
dry skin, reduced skin elasticity and impaired epidermal biosynthesis.58 In addition, a basal cell 
carcinoma was shown to have increased levels of AQP3, AQP3-null mice were found to be more 
resistant to skin tumorigenesis by a mechanism that might involve reduced tumor cell glycerol 
metabolism and ATP generation.100

In the plant field, given the high multiplicity of isoforms found in a single organism, modulation 
of AQP expression is considered the strategy of choice for elucidating the role of AQPs in plant 
physiology.76,101-105 Silencing of plasma membrane AQPs usually results in a decrease in cell water 
permeability,76,101-103 but, although PIP-silenced plants usually show lower cell water permeability 
than control plants, this does not necessarily result in lower tissue water conductivity, probably 
as a consequence of the different mechanisms used by plants to deal with lower membrane water 
permeability (for example, by increasing their root mass).99 Recently, using antisense lines, to-
bacco NtAQP1 was shown to facilitate the passage of CO2 through biological membranes.66,106 
NtAQP1-related CO2 permeability seems to be of physiological importance under conditions in 
which the CO2 gradient across a membrane is small, as is the case between the atmosphere and 
the plant cell cytosol.66 A decrease in membrane resistance to CO2 transport might increase CO2 
bioavailability and improve photosynthesis, ultimately affecting the degree of photorespiration 
and efficiency of nitrogen and water use. However, the biological significance of AQP-facilitated 
CO2 diffusion is still controversial, as this process seems to be mainly governed and limited by 
the existence of unstirred layers.107

Although attractive, reverse or forward genetic approaches are generally complicated by many 
factors, such as the incomplete characterization of the transport selectivity of the targeted AQP, the 
fact that AQPs can act as multifunctional channels with multiple physiological roles, possible com-
pensation/interaction mechanisms between close homologs and the number of posttranslational 
regulation mechanisms. It is also worth mentioning that these strategies can also represent a risk 
for false interpretation and that results should be supported by complementary approaches. The 
fact that RNAi-mediated loss of aquaporin AtTIP1;1 was first reported to result in early senescence 
and plant death104 and that transposon insertion line, completely devoid of AtTIP1;1 protein did 
not result in any significant effect on plant metabolism108 clearly illustrates this latter point.

Aquaporin Regulation: Gating and Localization
The presence of AQPs in cell membranes makes it possible to regulate water flux between and 

within cells. This fine regulation is assumed to be under metabolic control. Cells have the ability 
to alter their water conductivity within a few seconds or minutes in response to stimuli such as 
hormones (e.g., vasopressin in mammals and abscisic acid in plants) or diuretic or anti-diuretic 
compounds. Depending on the species and conditions, short-term changes of several orders of 
magnitude can be seen in membrane water conductivity. In mammals, AQPs are localized in 
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epithelia that require a high rate of water flux, such as the collecting duct of the kidney, the lung 
capillaries and the secretory cells of the salivary glands.109,110 In plants, AQPs have been shown 
to be expressed in regions where a high cell-to-cell water permeability is required, such as in the 
vicinity of apoplastic barriers in roots57 or in leaf vascular bundles111,112 or reproductive organs.113 
In both mammals and plants, different AQPs in the same organism differ in their transcriptional 
or posttranslational regulation and subcellular distribution.97,114 This complex and multilevel 
regulation allows a finely tuned and rapid control of membrane water permeability mediated by 
changes in the expression and activation of AQPs.46,115,116

The gating of AQPs makes it possible to control the water flow through the pore of the protein 
and is accomplished by a conformational change in the protein that blocks the channel and thus 
prevents the flow of water through the pore. In plants and mammals, different gating mechanisms 
have been observed; these involve the phosphorylation/dephosphorylation of certain serine or 
threonine residues, the protonation of specific histidine residues and the binding of divalent cations. 
The same AQP isoform can be simultaneously present in the same membrane in several forms with 
different isoelectric points.117 This is proof of the importance of the co or posttranslational regula-
tion of AQP activity. These posttranslational modifications affect the apparent size and isoelectric 
point of the protein and can be visualized using 2D gel electrophoresis.117

Regulation of subcellular localization through AQP trafficking may also represent a means of 
modulating the membrane water permeability. In fact, the subcellular localization of AQPs should 
not be seen as a static, but rather as a dynamic, phenomenon. This relocalization of AQP isoforms 
has been observed in mammalian and plant cells.118,119 Although the details of the mechanism 
leading to AQP relocalization differ between these two organizational models, the principle re-
mains the same: the density of functional AQPs in the cell membrane is controlled by the fusion 
(or endocytosis) of AQP-rich vesicles. As a result, the net density of active AQPs increases (or 
decreases), leading to enhanced (or decreased) cell membrane water permeability.

Phosphorylation
Phosphorylation of AQPs was first discovered as a posttranslational modification regulat-

ing the water channel activity of a TIP in plants120 but was also shown to play a critical role in 
the regulation of AQP function in animals and humans.27,121,122 Phosphorylation was shown 
to directly affect the water channel activity of the targeted protein, but its effect seems to vary 
greatly, ranging from stimulation of water transport activity (e.g., SoPIP2;1,123 ZmPIP2)69 to 
its inhibition (e.g., HsAQP4).122 In addition phosphorylation of AQPs can affect their subcel-
lular localization.118

In mammals, phosphorylation of AQPs is mediated by the activity of kinases belonging to the 
protein kinase A (PKA), protein kinase C (PKC) and protein kinase G (PKG) families.118,121,124 
PKA, also known as cAMP-dependent protein kinase, refers to a family of enzymes, the activity 
of which is dependent on the level of cyclic AMP (cAMP) in the cell. At low cAMP levels, the 
kinase is catalytically inactive and activation is triggered by an increase in the cAMP concen-
tration (e.g., activation of adenylate cyclases by G protein-coupled receptors or inhibition of 
phosphodiesterases that degrade cAMP). The activated kinase then catalyzes the transfer of 
the terminal phosphate of ATP to serine or threonine residues in protein substrates. PKC is a 
family of protein kinases that require calmodulin, Ca2+, diacylglycerol and phospholipids for 
activation. It is currently believed that a given AQP isoform may be the substrate for several 
kinases belonging to different families. For example, AQP2 is phosphorylated by PKA, but 
putative phosphorylation sites for PKG, PKC and casein kinase II are also present in the se-
quence. There is now compelling evidence that PKA-dependent phosphorylation of ser256 in 
the carboxy-terminal of AQP2 plays a critical role in its trafficking to the apical membrane of 
kidney duct epithelial cells, whereas activation of the PKC pathway leads to its endocytosis, 
which is independent of the phosphorylation state of ser256.125

In plants, CDPKs seem to be the predominant calcium-dependent kinases phosphorylating 
AQPs.69,123,126 A typical CDPK is activated by an increase in free Ca2+ concentrations from nM 
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to �M levels which leads to the phosphorylation of its target. Several plant AQPs have been 
shown to be phosphorylated in vivo and in vitro at serine residues in the N- or C-terminal 
regions. For example, in vivo serine phosphorylation has been detected in a variety of plant 
isoforms, i.e., spinach SoPIP2;1, soybean NOD26, bean PvTIP3;1 and Arabidopsis and maize 
PIP1 and PIP2 isoforms.69,117,123,127-132

The effect of the phosphorylation of animal and plant AQPs has been demonstrated by the 
heterologous expression of mutated proteins in Xenopus oocytes, as kinase and phosphatase agonists 
or antagonists can be added to the medium and their effects measured. 69,120,123,128 For instance, the 
water channel activity of PvTIP3;1 in oocytes is increased by addition of cAMP agonists, which 
stimulate oocyte protein kinase A.120 Similarly, the activity of SoPIP2;1 and GmNodulin26 is in-
creased when oocytes are incubated in the presence of the phosphatase inhibitor, okadaic acid.123,133 
Mutation of Ser to Ala or dephosphorylation of highly conserved Ser residues in the C-terminus 
or in loops B and D leads to a decrease in water channel activity.35,69,120,123,133

Recently, two kinases acting on the phosphorylation sites ser115 and ser274 of SoPIP2;1 were 
characterized.134 The kinase acting on ser274 is bound to the plasma membrane and belongs to the 
CDPK family. The kinase acting on ser115 is soluble and has still to be characterized. However, 
its recognition site is typical of that for PKA, CDPK, or PKC.134

pH and Divalent Cations
Regulation of AQP permeability by protons and/or Ca2+ has been reported for mammalian 

AQP0, AQP3 and AQP6135-138 and for plant PIPs.35,95,139

The pH effects are different, depending on the isoform. For example, the water permeability 
of rat AQP3 is decreased by a shift to an acidic external pH (from pH 7.4 to 5.6), but no such 
effect is observed with rat AQP0, AQP2, AQP4, or AQP5.140 On the other hand, the water 
permeability of bovine AQP0 is increased by a shift to an acidic pH.137 Extracytosolic loops A 
and C, which contain histidine residues, contribute to this pH sensitivity and the differences 
were shown to originate from the position of these key His residues in the extracytosolic loops.138 
Mutation of each of these key His residues results in a shift in pH sensitivity. Interestingly, acid or 
alkaline sensitivity is induced in human AQP1 by adding His residues at positions 48 in loop A 
and 130 in loop C.138 In plants, most, if not all, PIPs are blocked by intracellular acidification.95 
Mutagenesis experiments demonstrated the importance of his197 (located in cytosolic loop 
D) in this pH-dependent regulation mechanism: the H197A mutant shows less pronounced 
Pf inhibition, while H197D, in which a negatively charged amino acid residue is introduced, is 
pH-insensitive.95 This AQP gating in response to intracellular pH acidification plays a role in the 
response to anoxia (oxygen deprivation) and other environmental stresses.95 This pH-dependent 
inhibition of the membrane water permeability is also observed in Arabidopsis plasma membrane 
vesicles, in which acidification to pH 6.0 reduces water permeability to 20% of that seen at pH 
8.3.139 Similar observations were made at low pH on tonoplast vesicles isolated from the storage 
roots of Beta vulgaris.141 As his197 is conserved in PIPs, this mechanism makes it possible to un-
derstand how plant roots decrease their water transport capacity in response to flooding, which 
leads to anoxia and cytosol acidification.95 The inhibition mechanism has been modeled in detail 
by Tornröth-Horsefield et al.35

The divalent cation Ca2+ modulates the activity of both animal and plant AQPs.35,83,138,139,142 
Whereas some mammalian isoforms, such as bovine AQP0 or MIPfun (killifish AQP0), appear to 
be inhibited by Ca2+, others, such as rat AQP4 and human AQP1, are not Ca2+-responsive. When 
observed, this Ca2+ inhibition has been shown to be mediated by calmodulin. As the sites of Ca2+ 
inhibition and pH inhibition are distinct, the mechanisms of pH sensing and Ca2+ inhibition are 
completely separable.138,143

In plants, Ca2+ has also been shown to modulate the activity of AQPs, but the inhibition 
mechanism is somewhat different from that for mammalian isoforms, as no calmodulin is required 
for the binding of Ca2+ to the AQP. The hydraulic conductivity of Arabidopsis cells is reduced by 
up to 4-fold in the presence of Ca2+.83,139 Moreover, in the presence of Ca2+ chelators, a shift to 
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higher Pf values compared to control conditions is observed, suggesting downregulation of AQP 
activity through Ca2+ binding. Crystallographic studies and molecular dynamics simulations 
have demonstrated the importance of loop D in controlling whether the pore is open or closed.35 
Depending on its conformation, loop D acts as a flexible lid to the pore. By altering the conforma-
tion of this loop through a network of ionic interactions and hydrogen bonds between specific 
amino acids in the loop and the N-terminal part of the protein, divalent cations, such as Cd2+ or 
Ca2+, stabilize the closed conformation of the pore.35 Recently, Cd2+ and Mn2+ were shown to be 
potent inhibitors of AtPIP2;1,83 probably acting via the same mechanism as Ca2+, but the physi-
ological significance of such inhibition needs further analysis.

Hetero-Oligomerization
Hetero-oligomerization is another way to regulate the activity/trafficking of oligomeric 

protein complexes and has been observed for many membrane proteins unrelated to AQPs.144-146 
For example, animal voltage-gated K+ channels of the Shaker superfamily and their plant 
homologs result from the tetrameric assembly of subunits.147 The data obtained with these 
animal and plant channels have demonstrated the existence of heteromerization between dif-
ferent types of subunits, generally, but not always, belonging to the same subfamily.146,148,149 
The case of the AKT2 subunit in plant K+ channels is representative: hetero-oligomerization 
with the KAT2 subunit results in relocalization of the protein from the Golgi apparatus to 
the plasma membrane.146

A wide range of experimental data suggests that AQPs usually form homotetramers.11,43,150 
However, several plant isoforms might possibly form heterotetramers.51,68,151 In Lens culinaris seeds, 
heteromerization of two TIPs was detected in crosslinking experiments, in which dimers, trimers 
and tetramers were irreversibly crosslinked using dithiobis-succinimidylpropionate.151 In maize, a 
cooperative mechanism between ZmPIP1 and ZmPIP2 isoforms was recently demonstrated.51,68 
Whereas all PIP2s exhibit high water-channel activity in Xenopus oocytes, plant protoplasts, or yeast 
vesicles, PIP1s are often inactive or have low activity.61,82,123,152-155 Interestingly, when ZmPIP2s are 
co-expressed with increasing amounts of ZmPIP1;2 in oocytes, a synergistic effect on AQP activity 
is observed, probably resulting from enhanced plasma-membrane targeting.68 An increased Pf is seen 
compared to oocytes expressing ZmPIP2 alone. Co-expression of ZmPIP2s with GFP::ZmPIP1;2 
improves the targeting of ZmPIP1;2 to the plasma membrane and/or its stability.

A similar effect has been observed in Z. mays cells.51 When expressed alone in maize leaf pro-
toplasts, ZmPIP1 fusion proteins are retained in the endoplasmic reticulum, whereas ZmPIP2s 
are found in the plasma membrane. Interestingly, when co-expressed with ZmPIP2s, ZmPIP1s are 
relocalized to the plasma membrane. This ZmPIP1 relocalization results from a physical interac-
tion between ZmPIP1s and ZmPIP2s, as demonstrated using Förster resonance energy transfer/
fluorescence lifetime imaging microscopy, as well as immunoprecipitation.51 The way in which 
ZmPIP1s interact with ZmPIP2s is not known, but loop E of ZmPIP1s might play an essential 
role in their ability to interact with ZmPIP2s, as revealed by mutagenesis analysis of ZmPIP1;1 
and ZmPIP1;2.68 In addition to regulation of PIP1 trafficking, heteromerization might activate 
the channel activity of some monomers.68 The question whether similar interactions exist between 
animal AQPs remains to be answered.

Modification of the Subcellular Localization
In mammals, the subcellular localization of AQP2 in the kidney collecting duct is controlled 

by the anti-diuretic hormone vasopressin, which induces a cascade of signaling events leading to 
AQP2 phosphorylation.118,156-158 In the absence of vasopressin, the density of AQP2 in the apical 
plasma membrane of the collecting duct is quite low and, as a result, the apical membrane displays 
a low water permeability, preventing water from being reabsorbed from the urine. On the other 
hand, the basolateral membrane displays a constitutive high water permeability due to the pres-
ence of AQP3 and AQP4 in this membrane which facilitates a directional water flux. Binding 
of vasopressin to its receptor in the basolateral membrane activates adenylate cyclase, causing an 
increase in cAMP levels, which leads to protein kinase A-mediated phosphorylation of AQP2 
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and other targets. This phosphorylation event provokes the fusion of AQP2-containing subapical 
endosomes to the apical membrane, enhancing its water permeability and leading to water reab-
sorption from the urine. When vasopressin levels drop, AQP2 is endocytotically removed from 
the apical plasma membrane.27,158,159 In plants, relocalization of AtPIP and AtTIP from the plasma 
membrane and tonoplast, respectively, to an endomembrane compartment was recently shown to 
occur in response to salt stress.160 PIP2s are subjected to constitutive cycling, their endocytosis being 
clathrin-dependent.161 Upon osmotic challenge, maize protoplasts are hypothesized to modulate 
their water channel activity through the fusion of AQP-rich endosomes with the plasma mem-
brane.75 Upon osmotic stress in Mesembryanthemum crystallinum roots, McTIP1;2 is relocalized 
from the tonoplast to the endosomes.162 This process is dependent on AQP glycosylation and a 
cAMP-dependent pathway and, interestingly, can be inhibited by membrane trafficking inhibitors. 
As the redistribution of PIPs from the plasma membrane to internal compartments contributes to 
downregulation of root water uptake,160 relocalization might act as a stress-response mechanism 
by rapidly and reversibly modulating the cell membrane water permeability. Alternatively, this 
relocalization process could lead to the degradation of the protein. Recently, phosphorylation/
dephosphorylation of AtPIP2;1 at the C-terminus was shown to regulate its targeting to the plasma 
membrane or its internalization upon salt treatment.132

Conclusion
The roles of AQPs in cell physiology are currently increasing. As pointed out throughout this 

introduction, the discovery that some AQPs are more than simple water channels has shed new 
light on their physiological roles in living organisms.22,23,27,29,55,63-66 Further characterization of the 
selectivity profile of AQPs and mutant phenotype analysis is being carried out and has already 
revealed unexpected cellular functions. Given the involvement of AQPs in many key cellular 
processes and their suggested role in facilitating tumor growth and spread, the quest for specific 
AQP inhibitors of possible clinical importance is receiving increasing attention. This is of particular 
interest in the cancer research field, as AQPs could turn out to be interesting drug targets for novel 
antitumor therapies.100 Clearly, AQPs offer an exciting field for research and discovery.
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Abstract

Major intrinsic proteins (MIPs) form a large superfamily of proteins that can be divided 
into different subfamilies and groups according to phylogenetic analyses. Plants encode 
more MIPs than other organisms and seven subfamilies have been defined, whereof the 

Nodulin26-like major intrinsic proteins (NIPs) have been shown to permeate metalloids. In this 
chapter we review the phylogeny of MIPs in general and especially of the plant MIPs. We also 
identify bacterial NIP-like MIPs and discuss the evolutionary implications of this finding regarding 
the origin and ancestral transport specificity of the NIPs.

Introduction
Major intrinsic proteins (MIPs) form channels in membranes that facilitate the permeation 

of water and other small uncharged polar molecules. The function of MIPs seems fundamental 
to life as we know it today since MIPs are found in virtually every organism. All studied MIPs 
share a common structure which consists of two transmembrane helices (TMHs), half a TMH 
followed by a third TMH. This topology is repeated once and due to the odd number of TMH 
in the first half, the second half is inserted in the opposite orientation in the membrane where the 
two half TMHs meet at a conserved NPA (Asn-Pro-Ala) motif situated at the N-terminus of each 
half TMH. A tetrad of amino acid residues situated in helix 2 and 5 and in loop E (H2, H5, LE1, 
LE2) referred to as the ar/R (aromatic/Arginine) selectivity region, appears to be the major deter-
minant for substrate specificity. Water specific channels or orthodox AQPs (aquaporins) typically 
have the amino acid residues FHTR (one letter code) at these positions. Phylogenetic analyses of 
MIP sequences can shed light on how this super family has evolved and will potentially increase 
our understanding of the functions of the many different subfamilies that have been identified in 
these studies. In this chapter we review the phylogenetic analyses that have been reported regarding 
the whole super family irrespectively of species and in particular the studies of the abundant plant 
MIPs which are about three times as numerous as compared to MIPs in mammalian species. In 
addition we analyse the phylogeny of the plant nodulin26-like intrinsic protein (NIP) subfamily 
and discuss their evolutionary origin and ancestral selectivity region.

A Historical Account of the MIP Phylogeny
A prerequisite for phylogenetic analyses and recognition of protein families is of course that a 

sufficient number of homologous sequences are available. In hindsight it is surprising how quickly 
the MIPs were recognized as belonging to the same family, taking into account the few sequences 
available at the time and the differences in their proposed physiological roles. The nomenclature 
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for the different isoforms has changed several times over the years and can sometimes be confusing. 
In this chapter we are using the original protein name when first citing a publication but the ac-
cepted systematic names preceded by the initials of the species name are mentioned in brackets and 
subsequently used to allow the reader to easily classify the MIP and refer to the current literature 
and the phylogenetic trees presented in this chapter.

The first cDNA sequence of a MIP appeared in the 1984 publication on bovine MIP-26 (Bos 
taurus; BtAQP0).1 BtAQP0 was believed to function as a gap junction protein in lens fiber tissue. 
Surprisingly though, comparisons of protein properties showed that the similarity to other known 
junctional proteins, such as connexins, was low. Further analyses indicated that BtAQP0 had six 
transmembrane helices similar to many of the transport proteins known at the time. In 1987, an 
integral membrane protein from soybean, NOD26 (Glycine max NOD26-like intrinsic protein; 
GmNIP1;1), was identified in a search for proteins associated with the peribacteroid membrane 
surrounding nitrogen fixating symbiotic bacteria in the root nodule and became the second MIP 
to have its cDNA sequenced.2 In the following year two groups, independently of each other, 
noticed a surprisingly high degree of sequence similarity between the lens fiber protein BtAQP0 
and the peribacteroidal membrane protein GmNIP1;1.3,4 This was the very start of what would 
become the large and diverse MIP family of proteins. In 1989, sequencing of the Escherichia 
coli glpF gene encoding a glycerol transporter (EcGlpF) was finished5 and in 1990 Baker et al 
noticed that EcGlpF, BtAQP0 and GmNIP1;1 were all similar and members of the same family 
of proteins sharing a common ancestor.6 1990 also saw three publications reporting five new MIP 
sequences, the Drosophila melanogaster (DmBIB),7 two closely related bean tonoplast intrinsic 
proteins (Phaseolus vulgaris; PvTIP3s)8 and two TIPs expressed in the root of Arabidopsis thaliana 
(AtTIP1;1) and tobacco (Nicotiana tabacum; NtTIP2) respectively.9

With a growing number of proteins recognized as MIPs, the first real phylogenetic analysis of 
the family was conducted in 1991.10 Six MIPs were included in the analysis (EcGlpF, GmNIP1;1, 
BtAQP0, PvTIP3, DmBIB and a partial sequence of a bacterial GlpF from Streptomyces coelicolor) 
and although this was too few sequences to be able to draw any general conclusions, one test 
result still stands out as very interesting. By splitting each protein sequence into the two repeated 
halves, Pao et al actually got 11 sequences from the five full length MIPs and the partial MIP for 
their analysis. The result showed that all of the first halves form one cluster and all of the second 
halves form another. This is indicating that the corresponding halves of all MIPs are closer related 
to each other than to the other half of any of them. The authors thus concluded that the internal 
gene duplication responsible for the repeat must have happened before the split of eukaryotes 
and prokaryotes.

There was a rapid increase in the discovery rate of new MIPs following the publication of the 
first cDNA sequence of a human aquaporin CHIP28 (HsAQP1)11 and in 1993 Reizer and col-
leagues made a new phylogenetic analysis of the 18 sequences known to be members of the MIP 
family at the time.12 Even though this is also a very limited number of sequences, it is still possible 
to recognize five of the subfamilies as we group them today and a similar analysis of the sequence 
repeats as that conducted by Pao et al10 confirmed the previous finding. By 1996 the number 
of known MIPs had increased to an amount that allowed a more comprehensive phylogenetic 
analysis. Of the 84 MIP sequences available at this time, Park and Saier analyzed the 52 most 
divergent and complete and found them to belong to 12 subfamilies (4 bacterial, 3 yeast, 3 plant 
and 2 animal subfamilies).13 They concluded that all present MIPs originate from two divergent 
bacterial MIPs that gave rise to the aquaglyceroporin- (Glycerol facilitator-like protein; GLP) and 
the AQP-cluster respectively. The former cluster consists of 5 subfamilies as defined in this study 
but corresponds to one subfamily in phylogenetic analysis as of today where the different groups 
of GLPs in general reflect the phylogeny of the species. Animal water-specific AQPs as well as the 
plant specific subfamilies PIPs (plasma membrane intrinsic proteins), TIPs and NIPs are all very 
clearly resolved in the phylogenetic analysis. It is interesting to see that the water specific AQP 
from E. coli (EcAqpZ) clusters together with NIPs and that both these subfamilies are next to 
the GLPs in the phylogenetic tree.13 Froger and colleagues used a set of 142 MIPs in a sequence 
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alignment to, among other things, identify positions potentially important for substrate specific-
ity that could discriminate between GLPs and other MIPs.14 The following year Heymann and 
Engel included a phylogenetic analysis in their review on aquaporins.15 It was based on 46 MIPs, 
selected to reflect the diversity of the 160 MIP protein sequences known at the time and resulted 
in 16 subfamilies divided into the two clusters of AQPs and GLPs with a Archaeoglobus fulgidus 
aquaporin (the only archaeal MIP in the analysis) being the closest relative to the GLPs.

Between 2001 and 2005, Rafael Zardoya and colleagues published three articles forming the 
most comprehensive phylogenetic analysis of the MIP family of proteins available as of today. In 
the first of these papers all 153 full-length, nonredundant, MIP sequences available at the time 
were analyzed together.16 Another very important improvement in the analysis was the use of boot-
strapping to test the validity of the different nodes in the phylogenetic tree. Based on this analysis 
Zardoya and Villalba concluded that MIPs could reliably be grouped into six major paralogous 
groups (subfamilies) GLPs, animal AQPs, PIPs, TIPs, NODs (NIPs) and AQP8s. However, the 
exact phylogenetic relationship between these subfamilies was not resolved even though there was 
some support for PIPs, TIPs and animal AQPs being more closely related. Phylogenetic analysis 
and variability profiles also showed that the PIP group is highly conserved, likely due to stringent 
evolutionary constraints.16,17 In an analysis published in 2002, Zardoya and coworkers saw a close 
phylogenetic relationship between NIPs and bacterial AQPs and concluded that plant NIPs likely 
arose by horizontal gene transfer 1190 million years ago.18 This could however not be confirmed 
in a more thorough analysis published in 2005.17 For the latter analysis, 463 nonredundant and 
complete or almost complete MIP sequences were aligned and subsets of these were analyzed to 
get an overall phylogeny of the complete MIP family as well as a more detailed analysis for each 
subfamily.

As the available MIP sequences have gone from scarce to plentiful, the problem has shifted 
from how to retrieve enough sequences to how to make an appropriate selection of sequences for 
your analysis. Since many of the early sequences of MIPs were picked up as cDNA sequences, there 
was a large bias toward highly expressed MIPs in the early sequence alignments, often resulting 
in having many sequences of close homologs in the same dataset. With more and more genomes 
being sequenced, it has become possible to instead retrieve all MIP sequences encoded in the 
genome of a species and in that way avoid the bias to highly expressed genes. This strategy has 
proven to be successful for identifying new subfamilies and also provides a way to find out whether 
MIPs from different species are separated by a gene duplication event (paralogs) or a speciation 
event (orthologs).19,20 However, this approach has also introduced the problem of accidentally 
identifying pseudogenes as functional MIPs since it does not discriminate between expressed and 
non-expressed sequences.

The general phylogeny of the MIP superfamily as of today can be seen in Figure 1. The dataset 
used for this analysis was constructed to contain a few representative sequences from all of the 
major groups including the subfamilies identified by Zardoya.17 In total 13 subfamilies are defined 
whereof five appear to be specific for plants. All of the central nodes, indicated by grey shading in 
Figure 1, have very low bootstrap values (�52%) and hence the relationship between the subfamilies 
is not resolved. We would like to point out that what is often referred to as the AQP cluster or AQP 
group of MIPs is actually not a clear monophyletic clade, but rather constitutes a heterogeneous 
group, that can only be defined as all MIPs except the GLPs. The GLP cluster/group, on the other 
hand, is a monophyletic group with high bootstrap support and contains eukaryotic as well as 
bacterial sequences suggesting an ancient origin of the aquaglyceroporins. It is worth noting that 
higher plants are lacking GLPs whereas mosses contain a GLP (PpGIP1;1) suggesting that the 
GLPs were lost during the evolution of higher plants.21

Plant MIPs
Plant MIPs were early identified and subsequent studies have shown that plants have more 

isoforms than other organisms. In 1992, a total of six MIP sequences from plants were known 
in addition to GmNIP1;1 allowing a phylogenetic analysis.22 Two paralogous TIP groups was 
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discerned, the seed specific �TIPs (TIP3s) and the vegetatively expressed 	TIPs (TIP1s). 
Although the two other MIPs included in the study were annotated as TIPs they were quite 
different and are now recognized as PIPs. It became evident from studies of the model plant 
Arabidopsis thaliana that plants express several isoforms of PIPs, classified as PIP1s or PIP2s 
based on their sequence.23-25 By 1997 the rapidly growing sequence databases allowed the iden-
tification of MIP homologs in at least 15 different plant species. More importantly the large 
number of deposited EST sequences from Arabidopsis thaliana allowed a systematic search of 
expressed MIP genes in a single plant species.26 In total 23 MIP-encoding genes were identified 
in Arabidopsis, representing an overwhelming multitude of genes compared to the five human 
AQP genes known at the time. The AtMIPs formed three distinct subfamilies, consisting of 1 
NIP, 11 PIP and 11 TIP sequences. Although 11 of the sequences were only partial, 20 of these 
genes were later confirmed by comprehensive analyses of the MIPs encoded in the genomic se-
quence (see below). However, due to the many partial sequences the exact relationship especially 
within the TIP subfamily remained speculative. This was resolved in a phylogenetic analysis 

Figure 1. Phylogenetic analysis of MIPs. Thirteen different subfamilies are supported by high 
bootstrap values in a Neighbor-Joining analysis of 44 representative MIPs. Only integral regions 
were included in the analysis resulting in 182 positions in the final dataset. Bootstrap values of 
1000 replicates are indicated for nodes of the different subfamilies. The shading in the middle of 
the tree marks the uncertainty of the positioning of the central nodes as inferred from bootstrap 
values �52%. Sequence identifiers are given in the Appendix at the end of this chapter.
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of 38 TIPs from different plants.27 In this study high bootstrap support was provided for three 
different groups that had emerged within the TIP subfamily, 	TIPs (TIP1s), 
TIPs (TIP2s) 
and the �TIPs (TIP3s). The analysis showed that at least the TIP1 and the TIP2 groups formed 
before the split of the monocots and the dicots. In addition, PIPs were clearly divided in PIP1s 
and PIP2s with a similar high support. Preliminary analyses of the nearly completed Arabidopsis 
genome identified about 30 MIP members and suggested that the TIP subfamily consisted of 
at least four groups. Most significant was the expansion of the NLM subfamily (NIPs) since six 
MIPs were classified as NIPs based on sequence comparisons.28 At this time several groups of 
plant MIPs were well established phylogenetically and could be expected to be found in virtually 
every higher plant. However, there was not a common standard for how new MIPs should be 
named and some MIPs had several alternative names that could cause confusion. To facilitate 
identification of orthologs or co-orthologs, a uniform and systematic nomenclature based on 
phylogenetic analysis was informally agreed upon the third international aquaporin meeting, 
MIP2000, Gothenburg, Sweden, 2000.

In the following year three articles conforming to the new nomenclature were published. 
The first study was a systematic analysis and classification of ESTs from maize (Zea mays),29 
followed by two articles reporting the annotation and classification of AtMIP genes based on 
the recently published Arabidopsis genomic sequence.19,30 In total 33 ZmMIP cDNAs and 35 
full-length AtMIP genes were found. In addition three and seven pseudogenes encoding partial 
AtMIP sequences were identified by Quigley et al30 and Johanson et al,19 respectively, representing 
partial gene duplications and deletion events. Although bootstrap analysis was only employed 
by Johanson and colleagues,19 the very similar results presented in all three articles demonstrated 
the high reliability of the phylogenetic classifications. Four different subfamilies in higher plants 
were now recognized, the PIPs, TIPs, NIPs and the small basic intrinsic proteins (SIPs). The lat-
ter subfamily is formed by rather divergent and atypical MIPs that are lacking a fully conserved 
first NPA motif (Fig. 1).31 The gene structure in each subfamily was found to be conserved and 
furthermore the two PIP-, five TIP- and two SIP-groups were preserved in both dicots and 
monocots, suggesting that the last common ancestor had at least these groups of MIPs and the 
gene structure characteristic for each subfamily. Hence, these genes and gene structures could be 
expected in all monocot and dicot plants.19 Regarding the NIP groups, the situation was more 
complicated. In Arabidopsis a fixed criterion of maximum distance of 30% within a group were 
applied in all subfamilies. The high diversity among AtNIPs resulted in seven NIP groups, whereas 
the phylogenetic classification of ZmNIPs and other plant NIPs without a specific criterion 
defined only three groups, where the NIP1 group included AtNIP1s to AtNIP4s. Interestingly, 
there were no orthologs in Arabidopsis to the ZmNIP2 group. The early diversification of plant 
MIPs was confirmed by an analysis of ESTs from the moss, Physcomitrella patens.32 P. patens was 
found to have at least 12 different MIPs that could be classified into the four plant subfamilies. 
It was also concluded that the PIP1 and PIP2 groups formed before the divergence of mosses 
and the lineage leading to vascular plants. In contrast the five TIP groups found in higher plants 
were proposed to have evolved later in the lineage leading to vascular plants. It has been suggested 
that the NIPs evolved from a water-specific AQP to fill the functional role of GLPs, which are 
hitherto not found in higher plants.18 In this context it was unexpected that further studies of P. 
patens ESTs identified a GLP homolog, PpGIP1;1 (GlpF-like intrinsic protein).21 Interestingly, 
this MIP is closely related to the Type II GLPs generally found in Gram-positive bacteria and it 
was concluded that a GLP was most likely acquired from this group of bacteria by a horizontal 
gene transfer event about 1040 million years ago, i.e., 100 to 150 million years after the NIPs 
were suggested to have been acquired in plants.

Analysis of the rice genome provided the first comprehensive list of MIPs in a monocot. In 
an early study 33 full length MIP genes were identified and the encoded proteins were analyzed 
phylogenetically and classified according to the maize MIPs.29,33 All the groups within the four 
subfamilies in maize were confirmed and in addition two MIPs, OsNIP4;1 and OsPIP2;8 were 
identified that could not be classified into any of the predefined groups. Although not supported by 
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the phylogenetic analysis, OsPIP2;8 was assigned to the PIP2 group based on sequence similarity. 
The other protein, OsNIP4;1, was considered as a founder of a new and fourth NIP group in rice. 
In a later study focusing on homology modeling of AtMIPs, ZmMIPs and OsMIPs the updated 
rice genome was reanalyzed regarding encoded MIPs.34 The result of Sakurai et al33 was confirmed 
and six additional MIP genes were included although two of these (OsPIP1;4 and OsPIP1;5) 
originated from a different cultivar and might therefore represent allelic variation. All six new 
OsMIPs could be added to the existing groups as defined by Sakurai et al.33

Although comparisons of nucleotide sequences are potentially more informative than com-
parisons of protein sequences all phylogenetic analyses reviewed here except one are based on the 
protein sequences. Forrest and Bhave compared nucleotide sequences encoding PIPs and TIPs in 
wheat, rice and Arabidopsis.35 Surprisingly, the PIP1s and PIP2s cluster together in an Arabidopsis 
clade and a monocot clade in this study, although it is well established that the PIP1 and PIP2 
subfamilies separated long before the divergence of monocots and dicots. This result could be due 
to that much of the nucleotide variation is at synonymous sites since the amino acid sequence is 
highly conserved among the PIPs. Thus the two clades could reflect a difference in codon usage 
between the species and it might be more reliable to use protein sequences when PIPs are compared 
between monocots and dicots.

Analysis of MIPs in plant lineages that diverged from higher plants a long time ago can provide 
a better understanding of early evolution of the MIP family in terrestrial plants. We therefore 
identified and classified the MIPs encoded in the genome of P. patens.20 The result shows that the 
bryophyte has an unexpected multitude and variation in the MIP family. In total 23 encoded MIPs 
were found that could be divided into seven subfamilies. One of the new subfamilies was the HIPs 
(hybrid intrinsic proteins). This class of protein was also found in spikemoss (Selaginella moellen-
dorffii) and as indicated by the name has similarities to both TIPs and PIPs. The ar/R constriction 
was predicted to have a histidine both at H2 like the TIPs and at H5 like the PIPs. The other new 
subfamily was the XIPs (X intrinsic proteins) that are present also in many dicots. The physiological 
role of both HIPs and XIPs awaits further studies. The origin and early evolution of plant MIPs is 
still unresolved. None of the seven subfamilies are close homologs to the MIPs found in unicellular 
green algae, e.g., CrMIP1 from Chlamydomonas reinhartii (Fig. 1). Although the GIPs and the 
NIPs are suggested to have been acquired by horizontal gene transfer from bacteria, there is no 
evidence to suggest that any of the other five subfamilies originates from a similar event.

Phylogenetic Analysis of NIPs
As previously mentioned one of the first MIPs identified was a plant NIP from soybean, 

GmNIP1;1. This NIP is localized to the peribacteroid membrane of root nodules, but it was 
soon apparent that NIPs were not restricted to this highly specific membrane of leguminous 
plants. Today, NIPs are known to be one of the largest families of plant MIPs and also one of 
the most divergent, both in regard to substrate specificities as well as amino acid sequences. 
Phylogenetic analyses show that the NIP subfamily can be divided into several well defined 
subgroups which are remarkably well conserved across species (Fig. 2).17,20,29 The NIP1, NIP2 
and NIP3 subgroups are all present in higher plants, although NIP2s seem to be present only in 
some plants including—but not restricted to—monocots. Arabidopsis only possesses the NIP1 
(the AtNIP1 to AtNIP4 groups) and NIP3 group (AtNIP5;1 and AtNIP6;1). The bryophyte 
P. patens has one NIP3 and three NIPs belonging to another distinct group, the NIP5s, so far 
only detected in primitive plants. There are also divergent NIPs that do not belong to any of 
these four groups, such as OsNIP4;1, PpNIP6;1 and AtNIP7;1. As seen in Figure 2 these diverse 
NIPs tend to group together due to the phenomenon known as long-branch attraction. The 
low levels of support in Figure 2 and previous analyses indicate that it is not clear how the dif-
ferent groups are related to each other.20,36 It is interesting to note that at least the NIP3 group 
had already evolved in a common ancestor to bryophytes and higher plants. Thus it is possible 
that this conserved group of NIPs represents and has retained, the original function of NIPs 
in early terrestrial plants.
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Figure 2. Phylogenetic analysis of NIPs and related MIPs. Parsimony analysis of NIPs from rice, 
Arabidopsis and P. patens and similar bacterial MIPs. The different phylogenetic NIP groups are 
marked by brackets and Arabic numbers whereas the three functional groups are indicated by 
shaded rectangles and roman numbers. The ar/R selectivity regions of all taxa are shown as well 
as the inferred ancestral states when nontrivial. Bootstrap values from 1000 replicates are shown 
for defined phylogenetic groups and basal nodes when �30%. AtPIP1;1 was used as outgroup to 
root the tree, and two sequences from the subfamily closest to NIPs in Figure 1 were included in 
the analysis. Sequence identifiers are given in the Appendix at the end of this chapter.
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Solute Transport
The substrate specificity of MIPs is governed by the tetrad of amino acid residues at the 

most narrow region of the pore referred to as the ar/R region. In Figure 2 the tetrad of each 
isoform is shown as well as the ancestral state of each node according to parsimony analysis. 
Based on the structure of the ar/R constriction region, AtNIPs have been divided into two 
functional groups, NIP-I and NIP-II.37 Whereas NIP-Is are able to transport both formamide, 
glycerol and to a moderate extend also water, NIP-IIs show very low water permeability but 
can instead transport urea.38,39 This have been accredited to the very wide pore of NIP-IIs, as it 
has been shown that decreasing the aperture of the ar/R region, by replacing an alanine at the 
H2 position with a tryptophan, abolishes urea transport.39 In 2006, Ma et al identified a rice 
NIP in a mutant screen for silicon (Si) transporters.40 This NIP was found to be OsNIP2;1 and 
since then several other NIP2s have been shown to function as Si transporters.41,42 Although, 
originally classified as NIP-II,43 further analysis has revealed that these NIPs have an ar/R filter 
distinctly different from that of the NIP-I and NIP-II groups and they have therefore been 
suggested to form a separate functional group, NIP-III in Figure 2.34,44-46 However, as seen in 
Figure 2, the functional grouping is at large covered by the phylogenetic groups and it would 
therefore be recommended that the phylogenetic grouping is used when referring to the NIP 
groups. This will avoid the confusion resulting from the discrepancy between the numbering 
of the functional and phylogenetic groups.

Apart from Si transport, NIPs have also been shown to be capable of transporting other 
metalloids (boron [B], arsenite [As(III)] and antimony) both in vivo47-51 and in vitro.44,36 It has 
been speculated whether metalloid transport is the original function of NIPs.52 For example, B is 
essential in higher plants and needed in high amounts as it is used in the cross linking of the pectin 
Rhamnogalacturonan II in the cell walls. However, the low level of borate found in bryophytes53 
and the relatively complex NIP group found in the bryophyte P. patens suggest that at least B might 
not be the original physiological NIP substrate in mosses. This would favor the idea of another 
solute as the original substrate of NIPs, see further discussion below.

NIP-Like Bacterial MIPs and Ancestral State of ar/R Filter
The origin of NIPs is still unclear. In a very recent article the green algae Ostreococcus luci-

marinus was claimed to encode a NIP, although no evidence for this statement was presented.54 
Furthermore, we were not able to find any support for this classification neither in phylogenetic 
analyses, in motif comparisons, nor in BLAST searches. In an attempt to resolve the ancestry 
of the NIPs we made TBLASTN searches for the closest prokaryotic homologs to PpNIP6;1, 
one of the basal NIPs according to our earlier analysis.20 Some of the hits are included in the 
phylogenetic analysis and as seen in Figure 2 they neither appear to form a stable monophyletic 
group, nor do they correspond to a clear bacterial taxonomic subgroup. However, the relatively 
high bootstrap value for the common node with the NIPs shows that these bacterial sequences, 
representing a group of widely distributed but previously unrecognized NIP-like MIPs, are likely 
to be more closely related to NIPs than AqpZs are. A common origin of NIPs and the bacterial 
NIP-like MIPs (bNIPs) would exclude the suggested horizontal gene transfer of a bacterial AqpZ 
encoding gene as the origin of plant NIPs. However, a direct evolutionary link between AqpZs 
and an ancestral bNIP might still exist.

Interestingly, some bNIPs have an ar/R filter identical to that of PpNIP5 group (FAAR) and the 
parsimony analysis suggests that this was the ancestral state of NIPs and bNIPs (Fig. 2). Whether 
this ar/R tetrad would be specific for transport of metalloids can only be speculated since no MIP 
with this filter has yet been tested. The ar/R tetrad of HsAQP9, which transports the metalloid 
As(III), is similar (FACR) taking into account that it is mainly the backbone carbonyl oxygen of 
the Cys at loop E1 that is likely to interact with a substrate. However, this extrapolation might 
not be valid since HsAQP9 belongs to the GLP subfamily and therefore differs from NIPs at 
many other positions.
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Conclusion
A coherent picture of the MIP superfamily divided into many different subfamilies has emerged. 

However, the relationship between the subfamilies and the earliest events that formed these 
subfamilies still remain unclear. Several of the different groups within the plant MIP subfamilies 
were already present in the last common ancestor of bryophytes and vascular plants suggesting an 
early evolution of e.g., the NIP3 group in terrestrial plants. However, none of the algal MIPs as 
identified today is closely related to MIPs in terrestrial plants. Here we identify bacterial NIP-like 
MIPs as close relatives of the plant NIPs, suggesting that NIP-like MIPs were already present in a 
common ancestor. Interestingly, the bryophyte NIP5 group has the same ar/R constriction region 
as these bacterial NIPs leading us to speculate that an original function is retained. Further stud-
ies are required to elucidate the substrate specificity of these MIPs and identification of MIPs in 
an algal sister clade of terrestrial plants is likely to contribute to our understanding of the early 
evolution of plant MIPs.
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Appendix. Identifiers for sequences used in the phylogenetic analyses

Taxa Name Species GI Number CDS-Start CDS-Stop Locus Tag
PpPIP1;1 Physcomitrella patens 167997734 PHYPADRAFT_ 

62169
PpTIP6;1 Physcomitrella patens 168016415 PHYPADRAFT_ 

73809
PpNIP3;1 Physcomitrella patens -a

PpSIP1;1 Physcomitrella patens 167999246 PHYPADRAFT_ 
112053

PpGIP1;1 Physcomitrella patens 168057250 PHYPADRAFT_ 
171260

PpHIP1;1 Physcomitrella patens -a

PpXIP1;1 Physcomitrella patens -a

AtPIP1;1 Arabidopsis thaliana 145339736 AT3G61430
AtTIP1;1 Arabidopsis thaliana 145360688 AT2G36830
AtNIP4;1 Arabidopsis thaliana 18421689 AT5G37810
AtNIP1;1 Arabidopsis thaliana 145340407 AT4G19030
AtNIP1;2 Arabidopsis thaliana 42566939 AT4G18910
AtNIP2;1 Arabidopsis thaliana 145360604 AT2G34390
AtNIP3;1 Arabidopsis thaliana 186479109 AT1G31885
AtNIP4;1 Arabidopsis thaliana 18421689 AT5G37810
AtNIP4;2 Arabidopsis thaliana 18421690 AT5G37820
AtNIP5;1 Arabidopsis thaliana 145340067 AT4G10380
AtNIP6;1 Arabidopsis thaliana 42563382 AT1G80760
AtNIP7;1 Arabidopsis thaliana 145338170 AT3G06100
AtSIP1;1 Arabidopsis thaliana 186509744 AT3G04090
OsPIP1;1 Oryza sativa 115447784 Os02g0666200
OsNIP1;1 Oryza sativa 115445190 Os02g0232900 
OsNIP1;2 Oryza sativa 13161410 Os01g0202800b

OsNIP1;3 Oryza sativa 54144479
OsNIP1;4 Oryza sativa 58531193
OsNIP2;1 Oryza sativa 115448656 Os02g0745100 
OsNIP2;2 Oryza sativa 193811875 Os06g0228200 
OsNIP3;1 Oryza sativa 20270142 Os10g0513200b

OsNIP3;2 Oryza sativa 58531195
OsNIP3;3 Oryza sativa 37806235
OsNIP4;1 Oryza sativa 115434109 Os01g0112400 
OsTIP1;1 Oryza sativa 115450710 Os03g0146100 
OsSIP1;1 Oryza sativa 115434915 Os01g0182200 
HsAQP2 Homo sapiens 209180415
HsAQP3 Homo sapiens 22165421
HsAQP5 Homo sapiens 186910293
HsAQP6 Homo sapiens 86792454
HsAQP7 Homo sapiens 4502186
HsAQP8 Homo sapiens 45446751
HsAQP10 Homo sapiens 22538419
HsAQP11 Homo sapiens 27370564
HsAQP12 Homo sapiens 156447036
CrMIP1 Chlamydomonas 

reinhardtii
159471951

VcMIP1 Volvox carteri 167172578 + 
167084018c

continued on next page
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Appendix. Continued

Taxa Name Species GI Number CDS-Start CDS-Stop Locus Tag
PfAQP Plasmodium  

falciparum
124804458

MmAQPM Methano
thermobacter  
marburgensis

54040725d

ScGLP Saccharomyces 
cerevisiae

51012656 YFL054C 

ScAQY1 Saccharomyces 
cerevisiae

45270021 YPR192W

CgAQY Candida glabrata 50285982 CAGL0D00154g 
CgGLP Candida glabrata 50285778 CAGL0C03267g 
MsAQPM1 Methanosphaera 

stadtmanae
84372150 1,146,881 1,147,615 Msp_0998

EcAQPZ Escherichia coli 215485161 913,630 914,325
EcGLPF Escherichia coli 215485161 4,432,406 4,433,251
PaAQPZ Pseudomonas  

aeruginosa
115583796 1,010,865 1,011,554 aqpZ

PaGLPF Pseudomonas  
aeruginosa

115583796 1,544,365 1,545,204 glpF

SsAQP8 Sus scrofa 159461726 LOC100127152
RnAQP8 Rattus norvegicus 2358276
CtGLP Clostridium tetani 28204652 2124330 2125034 CTC_01996
BsGLP Bacillus subtilis 225184640 1002501 1003325 BSU09280
SmHIP Selaginella  

moellendorffii 
-e

NbXIP Nicotiana  
benthamiana 

39858292 + 
39862195c

PtXIP Populus trichocarpa 224103260 POPTRDRAFT_ 
557139

C. parvum Chlorobaculum 
parvum

193085153 474251 474964 Cpar_0442

R. baltica Rhodopirellula 
baltica

32397972 72504 74108 RB4879

B. cereus Bacillus cereus 218540236 250503 251225 BCAH820_ 
B0297

F. bacte-
rium

Flavobacteriales 
bacterium

163787877 253541 254209 FBALC1_07048

P. irgensii Polaribacter irgensii 88803076 393143 393817 PI23P_12632
C. flavus Chthoniobacter 

flavus
196229614 370933 371610 CfE428DRAFT_ 

1912
P. maris Planctomyces maris 149176345 17718  18404 PM8797T_ 

07554

a) We have described in detail the annotation of this PpMIP in a previous study (Danielson JA, Johan-
son U. BMC Plant Biol 2008; 8:45); b) This locus only cover part of the MIP sequence used; c) These 
two EST sequences were combined to get the full length CDS used in the analysis; d) This GI number 
refers to the AA sequence, the NA sequence can be found in the original article, PMID: 16233136; e) 
This sequence was retrieved from the genomic sequence available from the Selaginella moellendorffii 
genome project at the Joint Genome Initiative (http://genome.jgi-psf.org/Selmo1/Selmo1.home.html) 
and partially corresponds to the gene model “estEXT fgenesh1 pm-C 30069”.
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Abstract

This chapter reviews physical chemical properties, origin and use of metalloids and their 
relevance in the environment. The elements boron (B), silicon (Si), germanium (Ge), 
arsenic (As), antimony (Sb), tellurium (Te), polonium (Po) and astatine (At) are consid-

ered metalloids. Metalloids conduct heat and electricity intermediate between nonmetals and 
metals and they generally form oxides. The natural abundance of metalloids varies from Si being 
the second most common element in the Earth’s crust to At as the rarest of natural elements 
on Earth. The metalloid elements Ge, Te, Po and At are normally present in trace or ultratrace 
levels in the environment and as such are not considered of relevance in terms of environmental 
health. The environmental geochemical processes, factors and parameters controlling the par-
titioning and the speciation of B, Si, As and Sb are reviewed in relation to the bioavailability of 
these metalloids. Approaches based on the hypothesis that metal toxicity is related to both the 
metal-ligand complexation processes and the metal interactions with competing cations at the 
cell surface (biotic ligand) have so far not been successful for assessing metalloid bioavailability. 
The chapter concludes that our understanding of metalloids toxicity will improve in the future 
if, in addition to the points discussed above, surface membrane potentials are considered. This 
should represent a robust approach to the prediction of metalloid toxicity.

Introduction
‘Metalloids’ is a term that is frequently used to group elements that possess physical and chemi-

cal characteristics that are intermediate between those of metals and nonmetals. For instance, they 
conduct heat and electricity better than nonmetals but not as well as metals (i.e., they are semiconduc-
tors). Also, they generally form amphoteric oxides, being an acid and a base. They are grouped along 
a diagonal line through the p block of the periodic table from boron to astatine (Fig. 1). Commonly 
the following elements are considered metalloids: boron (B), silicon (Si), germanium (Ge), arsenic 
(As), antimony (Sb), tellurium (Te), polonium (Po) and astatine (At).

Despite their similarities in chemical and physical characteristics, metalloids display a dramatic 
difference in their abundance in the environment. For instance, Si is the second most common ele-
ment in the Earth’s crust (the first being oxygen) making up over a quart of its mass. In contrast, the 
most long-lived natural isotope of astatine (210At) has a half-life of only 8.3 hours. As a consequence, 
this element, which is produced by the decay of uranium and thorium,1 is the rarest of the natural 
elements on Earth with only approximately 25 g present on the whole planet at any given time.2
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The same variability among metalloids observed in terms of their natural abundance also extends 
to their interactions with living organisms. Only B is recognized as an essential element for plants, 
while Si is considered as ‘agronomically essential’ to specific crops such as rice.3 In contrast, there 
is mounting evidence that B, Si and As may be essential for animals.4

This chapter will provide an historical perspective of our knowledge and use of metalloids 
and will review the relevance of these elements in the environment. Finally, the environmental 
chemistry of the most relevant metalloids (i.e., B, Si, As and Sb) will be summarized and discussed 
in relation to metalloids’ bioavailability.

Historical Perspective
Among the metalloids, As is arguably the element that has been recognized and utilized by 

different cultures around the world for the longest time. While the term arsenicum was first 
mentioned by Dioscorides (circa 90-40 B.C.), As sulphide was already mentioned by Aristotle 
in the fourth century B.C.5 Ancient Greeks employed As in medicines and its use in this con-
text continued until recent times. For instance, the Fowler’s solution (containing 1% arsenic 
trioxide) was one of the most frequently dispensed medicines in Western countries.6 In more 
recent times As was used in insecticides, herbicides, animal feeds and as wood preservative but 
its direct application in the environment has significantly decreased as a consequence of its 
recognized toxicity and carcinogenicity.

The history of Sb and B is also intertwined with various civilisations since antiquity. Artifacts 
made of Sb and dating back to 3000 B.C. have been found in Egypt and present day Iraq.7 For 
many centuries Sb was used to remove impurities from gold and, for the same reasons, was 
employed in early times to remove ‘impurities’ from the body. Medical applications of Sb and 
its compounds have continued over the centuries to the present day where Sb is used in tropical 
medicine notably in the treatment of leishmaniasis.8 The first solid evidence for the use of borax 
(sodium borate) are related to the import of this mineral to Mecca and Medina in the eigth 
century; borax flux by European goldsmiths dates to about the 12th century.9

The use of silica for the production of glass also dates back to the early stages of human 
civilisation. In contrast, the discovery of the other metalloids is much more recent. Germanium 
was discovered by Clemens Alexander Winkler in the same year in which Coca Cola was 
formulated, 1886.10 Polonium was named by Marie Curie11 after her native land of Poland in 
1898 while At was one of the two of the ‘missing’ elements, together with technetium, to be 
synthesized by man.12

Figure 1. The periodic table of elements: metalloids are grouped along a diagonal line from 
boron to astatine.
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Environmental Relevance
Elevated concentrations of metalloids in the environment may be the results of human activi-

ties or due to geogenic conditions. Generally, anthropogenic sources are limited to specific areas 
but agricultural and horticultural activities, such as the use of As-based pesticides or As-tainted 
irrigation water may result in widespread contamination, (e.g., see ref. 13). However, when con-
sidering the environmental relevance of metalloids a first consideration must be made between the 
occurrence of Si (and sometimes B) and that of other elements. As mentioned above Si represents 
approximately one quarter of the mass of the Earth crust. In contrast, all the other elements are 
generally present in trace concentrations. Consequently larger concentrations due to anthropogenic 
sources are regarded as instances of contamination or pollution.

Boron is widespread in the environment where it usually occurs as borax (Na2B4O7 10H2O) 
tourmaline (a borosilicate mineral) or in the form of Ca and Mg salts. Boron concentrations in 
soils vary between 10 and 300 mg kg–1 depending on various geological and environmental fac-
tors.14 Generally the occurrence of B toxicity is less frequent than B deficiency.15 However, B can 
naturally accumulate in some arid environments and where water rich in B or wastewater have 
been used for irrigation.16

Naturally elevated concentrations of As are often associated with the presence of sulphidic 
ore deposits which during weathering release As in associated waters and soils. Soils, sediments 
and water bodies displaying large concentration of As have been identified in many countries 
around the globe including China, Argentina, Chile, Mexico, Cambodia, Vietnam, Thailand, 
Nepal, Ghana, Taiwan, Finland and Hungary. Also there are increasing reports of chronic 
arsenism emerging from Europe and USA.17 However, the biggest calamity associated with As 
contamination is related to the utilization of As-tainted water for human consumption and 
irrigation in various districts of West Bengal (India) and Bangladesh where tens of millions 
of people are at risk (e.g., see ref. 18). For many years the issue of As toxicity to humans in 
these areas has been mainly thought to be caused by to the use of As-contaminated drinking 
water. However, in recent years mounting evidence is accumulating that this problem may be 
compounded by the consumption of As-contaminated food and in particular rice (see also 
the chapter by Bienert and Jahn in this book). Meharg and Rahman19 first brought to light in 
Bangladesh that rice grain As was becoming elevated through the extensive use of aquifer water 
for the irrigation of dry season paddy rice.

Mining and smelting operations are the greatest emission source of Sb into the environment.20 
Other sources of Sb in the environment are linked to its use in metal alloys, flame retardants and 
catalysts.21 Also, on a more local scale, Sb can derive from the application of lead arsenate [As(V)] 
pesticides, since Sb is present as a contaminant in the Pb- and As-containing ores used to manufac-
ture pesticides.22 Modern applications of Sb have increased dramatically during the last decades and 
today Sb is used in a broad range of applications, such as batteries, cable sheating, sheets and pipes, 
plumbing solder and antifriction material, rubber, PVC products and other synthetic products, 
plastic bottles, ceramics, ammunition primers, medical drugs, bactericides and fungicides.23 Of 
growing concern are also the findings of Sb contamination at shooting ranges (e.g., see ref. 24).

The remaining elements are normally present in trace or ultratrace levels in the environment 
and as such are not considered of relevance in terms of environmental health.

Finally, it should be noted that due to the widespread application of metalloids in semiconduc-
tor, other electronic applications and flame retardant materials their flow to the environment is 
likely to increase in the future as a result of electronic-waste disposal.25 This is of particular concern 
in developing countries where end-of-life electronics are imported and recycled via a “backyard 
industry” using primitive processes.26 For instance, a computer desktop and monitor may contain 
up to 17.5 g of Sb and 60 mg of As.27

Environmental Toxicity of Metalloids
As mentioned above some metalloids are (agronomically) essential while others are not. 

However, the majority of them are toxic when present in large concentrations (with the exception 
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of Si). Among the essential elements, the range between deficient and toxic concentration of B in 
the soil solution is smaller than for any other nutrient element.28 The information regarding the 
environmental toxicity of ultratrace elements such as Po, Ge, Te and At is extremely scant and it is 
unlikely that any significant detrimental effect occurs (even though toxicity may not be excluded 
at mining or disposal sites).

In contrast, the ecotoxicology of As, B and Sb is well documented. The large information 
available in the literature for As and Sb has been recently screened and analysed by the U.S. 
Environmental Protection Agency in the frame of a process aiming at identifying Ecological Soil 
Screening Levels (EcoSSL). These levels are ‘the concentrations of contaminants in soil that are 
protective of ecological receptors that commonly come into contact with and/or consume biota 
that live in or on soil’ (i.e., plants, soil invertebrates, birds and mammals).29 In the case of Sb, an 
EcoSSL value could not derive for plants but was set at 78 mg kg–1 for soil invertebrates.30 Arsenic 
EcoSSL levels for plants were set at 18 mg kg–1 while no value could be reported for soil invertebrates 
due to insufficient data.30 Even though some papers on B toxicity to plants and soil invertebrates 
have been published rigorous ecotoxicological information is still scant and a screening level for 
B is difficult to assess.

Factors Controlling Bioavailability
Biotic and abiotic factors control the bioavailability of metalloids in the environment. Biotic 

factors are mainly related to physiological and molecular processes responsible for the uptake, 
detoxification and efflux of these elements. These processes are discussed in details in several other 
Chapters in this book. However, these biotic processes do not operate in isolation but are closely 
linked to various abiotic processes controlling the partitioning and speciation of metalloids.

Solid: Solution Partitioning of Metalloids
Metalloids are generally present in the soil solution phase as either negatively charged ions 

or undissociated (uncharged) molecules. When present as negatively charged molecules their 
partitioning between the solution phase and the solid phase (soil or sediments) follows opposite 
trends to that of trace element cations. For instance, while high pHs move the partitioning of 
heavy metals toward the solid phase, the solubility of metalloids generally increases under alkaline 
conditions. This is due to a decrease in the number of positively charged sorption sites at high pH 
due to deprotonation of pH dependent sorption sites. Negatively charged metalloid ions, such as 
As(V) and antimonite [Sb(III)], display a strong affinity for Fe and Al oxy/hydroxides which often 
represent the primary sinks of these elements in the environment. The charge of these ions depend 
on pH (e.g., see refs. 31, 32). However, the effect of pH may be different in the case of some metal-
loids, such as B, which are uncharged in the neutral pH range. Applications of lime (CaCO3) to soil 
increase B fixation as it raises the pH of the soil solution, causes B to become negatively charged 
and increases adsorption to soil surfaces.28 However, metalloid movement in the soil pore water 
may increase at high pH due to an increase in colloidal generation at high pH. While numerous 
publications show that the generation of colloids is a major process controlling metal mobility 
in soils,33-35 detailed studies for colloid-associated As and Sb are missing. In this case however, we 
should point out that metalloids’ mobility would not be related to an increase in the partitioning 
of the elements in the soil solution but rather to colloidal-facilitated transport processes.

While organic matter present in soil and sediments is generally an effective sink for metal 
cations, the interactions between metalloids and organic matter are not well understood. Sadiq36 
suggested that a limited interaction between As oxyanions and organic matter is expected 
because of the similar type of electrical charge. Also, since simple organic acids and phenolics 
can be adsorbed by Fe oxides (e.g., see ref. 37), low-molecular-weight organics may compete 
with As oxyanions for adsorption sites on Fe oxides. However, more recent reports indicate that 
some metalloids, such as Sb, can be bound in considerable amounts to organic matter.38,39 This 
association may be attributed to the formation of “bridging” products between Ca, organic 
matter and metalloid anions.
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The partitioning of metalloids between the solid and solution phase is also controlled by the 
redox conditions of the system. The redox effect is due to both the importance of this parameter in 
controlling the stability of Fe and Mn oxides that can act as a sink for metalloids and the influence 
of redox on the metalloid speciation itself. The redox potential aspect is extremely relevant in the 
case of As because, as mentioned above, the accumulation of this element in rice is of increasing 
concern. Rice is predominantly cultivated under paddy conditions, which create a predominantly 
reduced environment in the soil (with the exception of the soil volume surrounding the roots). 
Even though Sb can undergo redox processes similar to those of As in soil (see below) no evidence 
for Sb accumulation in rice has been reported.

Speciation of Metalloids in the Environment
The solid phase speciation of metalloids in the environment is extremely complex due to the 

large heterogeneity that characterize soils and sediments. However, in general metalloids can be 
present in primary or secondary minerals in the environment or sorbed on a variety of solid phases 
ranging from clay minerals to oxides and organic matter. In this book chapter we will mainly focus 
on the speciation in the solution phase as this represent the dominant pathway of exposure for the 
majority of soil (and aquatic) organisms.

While Si is one of the most abundant elements in soil and sediments, most of the species present 
in the environment are not bioavailable. In fact, the majority of Si is in the form of Si dioxide or alu-
minosilicate minerals. The Si species that is bioavailable to organisms is orthosilicic acid (H4SiO4). 
Silicic acid in soil solution is mainly derived by weathering of minerals like sesquioxides, kaolinites 
and smectites instead of silica and quartz minerals that are rather insoluble.40 Orthosilicic acid is 
under normal environmental condition present as an uncharged molecule since its first pKa is 9.84. 
Also low molecular weight polymeric species of silicic acid have been found in soil solutions but 
those are unstable in subalkaline conditions and only represent a small percentage of the total Si in 
solution.41 Silicic acid polymerizes to form silica gel (SiO2 nH2O) when its concentration exceeds 
2 mM.42 Very few reports relate to the volatilization of Si compounds and are mainly related to 
poly(dimethylsiloxane)s (PDMS). PMDS are widely used in various commercial applications and 
for this reason found their way in the environment and soil. In soil PMDS undergo soil-catalyzed 
hydrolysis to produce volatile dimethylsilanediol.43

Boron in soil is generally present in primary minerals, such as tourmaline, sorbed by clay 
minerals sesquioxides and organic matter or in soil solution.16 In soil solution the undissociated 
H3BO3 species generally dominates and B(OH)4

– has negligible importance.16 The undissoci-
ated boric acid is easily leached from the soil under wet conditions but tends to accumulate in 
arid environments. Boron does not undergo oxidation-reduction reactions and is not known to 
volatilize from soils.28

The pH and redox potential are key factors controlling As speciation and consequently its 
mobility in the environment. Because the surfaces of Mn, Al and Fe oxides/hydroxides and clay 
minerals are positively charged only below soil pH 3, 5, 8 and 4 respectively,36 As adsorption on 
soil colloids is more pronounced at lower pHs. Under anaerobic conditions the reduced form of 
As, arsenite [As(III)], tends to accumulate while As(V) is the main species in aerobic environ-
ments. A diagram showing the various aqueous species that can be expected for As as a function 
of pH and redox potential is reported in Figure 2. Also, the charge of As oxyanions is pH depen-
dent. In the normal range of soil pH (4-8) the dominant As species in solution is undissociated 
H3AsO3 in the case of As(III). In contrast, inorganic As(V) species are usually charged in the 
environment with uncharged H3AsO4 only occurring at very low pH. The dissociation constants 
of As(V) are similar to those of phosphate and under a circumneutral pH range, H2AsO4

– and 
HAsO4

2– are expected to be the dominant species.44 In addition to inorganic As species, methy-
lated species are found in the environment as a result of anthropogenic activities and microbial 
mediated methylation. This latter process was first described by Gmelin in 1815 and provided an 
explanation for the occurrence of some instances of As poisoning. In fact, at that time, As was an 
essential constituent in many organic and inorganic pigments used in wallpaper and fungi living 
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on wallpaper can converted inorganic As into methylated gaseous species (e.g., trimethylarsine). 
Microbial methylation of As in soil is common to both bacteria and fungi. This process seems to 
be favoured by anaerobic condition.45 The microbial production of arsines from arsenicals in soil 
seems to contribute only marginally to the loss of As.46 The most common methylated species 
in soil is generally dimethylarsinic acid (DMA). The Na salts of both monomethylarsonic acid 
(MMA) and DMA were also extensively used in agriculture. This brief discussion of the specia-
tion of inorganic As species should demonstrate the importance of speciation both in terms of 
mobility of this element in the environment and in relation to uptake mechanisms. In fact, while 
As(V) is usually strongly retained in soils due to its negative charge, the uncharged As(III) has 
been found to be much more mobile in the environment.32,47 Also, while As(V) may be taken up 
by phosphate transporters (e.g., see refs. 48,49) the uptake of As(III) occurs, as will be discussed 
in this book, through different mechanisms. Methylated As species have been found to be taken 
up by plants at a much smaller rate than inorganic species (e.g., see ref. 50).

The chemistry of Sb in aquatic systems has been thoroughly reviewed by Filella et  al.51 Sb 
environmental chemistry resembles that of As both in terms of factors controlling its availability 
and in terms of speciation. Common Sb minerals are stibinite (Sb2S3) and valentinite (Sb2O3).39 
Pentavalent Sb is the dominant species under aerobic soil conditions. The Sb(III) ion [Sb(OH)6

–] 
is also the dominant Sb form in surface waters.51 Under reduced condition the uncharged trivalent 
Sb(III) [Sb(OH)3

0] is the dominant ion in the environmentally relevant pH range.51 A Eh-pH dia-
gram for Sb species is shown in Figure 3. In a comprehensive study of both the soil solid and solution 
phase Mitsunobu et al52 compared the behavior of As and Sb under various soil redox conditions. 
They found that both metalloids were mainly associated with Fe oxides but also that their solution 
chemistry varied in response to changes in redox potential. With decreasing redox potential the 
total concentration of As in solution increased as a result of an increased proportion of As(V). In 
contrast, Sb was found to remain in solution as antimonate and the authors concluded than SbV is 
stable under reducing conditions. This is somehow in contrast with the Eh-pH diagrams reported 
in Figure 2 and 3. Similarly to As, Sb is also found in methylated species of biological origins. For 
instance, detected mono-, di- and tri-methyl and tri-ethyl Sb derivatives have been identified by 
Krupp et al.53 However, the chemistry of these organic compounds seems to be different from that 

Figure 2. Eh-pH diagram for As. Modified with permission from Lombi et al. Journal of Plant Nutrition 
and Soil Science 1999:451-456; Copyright Wiley-VCH Verlag GmbH and Co. KGaA.
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of their As counterparts. For example, while DMA is very soluble in water, dialkylstibinic acid is 
polymeric and showing poor water solubility.54 Some of these methyl compounds are known to 
be volatile in a matter similar to Sb hydride derivatives. The soil processes that lead to the forma-
tion of these compounds are controlled by organisms and are particularly active under anaerobic 
conditions (e.g., see ref. 55). The processes and factors controlling speciation and bioavailability 
of As, B, Si and Sb are briefly summarized in Table 1.

Similar to Si, the most important form of germanium in aqueous solution is germanic acid 
(H4GeO4

0). Because of its similarities to Si, 68Ge has been used as a tracer to investigate Si fluxes 
in freshwater sediments.56 Polymeric forms of Ge have also been identified but, as pointed out by 
Wood and Samson,57 these species are probably not environmentally relevant since average Ge 
concentrations would likely be too low to stabilize such species. The first and second dissociation 

Figure 3. Eh-pH diagram for Sb. Modified from an original found in Krupka KM and RJ Serne. 
2002. Geochemical Factors Affecting the Behavior of Antimony, Cobalt, Europium, Technetium 
and Uranium in Vadose Zone Sediments . PNNL-14126, Pacific Northwest National Laboratory, 
Richland, WA.

Table 1. Processes and factors controlling speciation and bioavailability of As, B, Si 
and Sb

 Processes

Metalloid Redox Sorption Precipitation

Arsenic, As +a +� -b (redc) + (oxc: with Ca, Mg, etc)
Boron, B - -d As salt
Silicon, Si - - +
Antimony, Sb +� +� +

a+: to active and important process; b-: unlikely to be important process under these conditions; cred.: 
reducing conditions. ox: oxidizing conditions; dThe dominant undissociated form H3BO3 adsorbs 
very little.
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constants for germanic acid occurs at pH values of approximately 9 and 11.5 respectively and are 
therefore too high to be relevant under prevalent environmental conditions.57 Methylated species 
of biological origins, such as monomethylgermanium (MMGe) and dimethylgermanium (DMGe), 
have also been reported in a variety of aquatic environments (e.g., see ref. 58).

Tellurium is chemically similar to Se and as such can be found in the environment in different 
oxidation states including Te0, TeIV and TeVI.59 An Eh-pH diagram for Te is reported in Figure 4. 
Based on this diagram it appears that Te will be mainly present in the environment in the form 
of charged oxyanions or hydroxide ions. As it is the case for all the other redox active metalloids 
the toxicity and availability of Te depends on its speciation and oxidation state. The information 
regarding Te speciation in soils is rather scant. Harada and Takahshi59 reported that TeVI was the 
predominant species in a soil water extracts under oxidizing conditions while TeIV predominated 
under anoxic conditions. They also observed that both oxidation states had a similar partitioning 
between the solution and solid phases. On the basis of X-ray absorption spectroscopy data, they 
suggested that this was due to the fact that both species can form inner-sphere complexes with Fe 
oxides. Various methylated and ethylated species of Te of biological origin have also been reported 
(e.g., see refs. 60,61). Several volatile species of Te including tellurium hydride, monomethyltel-
lurium hydride, dimethyltellurium and some unidentified Te species have been reported by various 
authors (e.g.,see ref.  55).

The chemistry of At is not well understood even though a number of investigations have been 
conducted since this radioisotope is intensively investigated in radiotherapy. However, due to the 
vanishing small amounts present in the environment, its environmental chemistry has not been 
investigated in any detail.

Assessing Soil Bioavailability of Metalloids
The assessment of the bioavailability of inorganic contaminants has progressed significantly 

in the last decade. However, a large proportion of the resources have been targeted towards the 
development of assessment tools for metals rather than for metalloids. The current knowledge 
regarding bioavailability and toxicity of metals is based on the concept known as Free Ion 
Activity Model (FIAM).62 According to this model, the free ions are able to equilibrate quickly 

Figure 4. Eh-pH diagram for Te. Modified from Harada and Takahashi. Geochimica Et 
Cosmochimica Acta 2008; 72(5):1281-1294,59 ©2008 with permission from Elsevier.
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with the cell surface binding sites whereas metals bound to colloids or strong complexing agents 
cannot.63 This concept has been used to develop the Biotic Ligand Model (BLM).64,65 The BLM 
is based on the hypothesis that metal toxicity is related to both the metal-ligand complexation 
processes and the metal interactions with competing cations at the binding site (biotic ligand) 
at the cell surface. This model has obtained considerable acceptance as the U.S. Environmental 
Protection Agency (USEPA) has incorporated the BLM into its regulatory framework and other 
countries will probably consider this option.66 However, while the knowledge and application 
of the BLM for aquatic systems has progressed substantially, the development of a terrestrial 
BLM67 is at this stage still in progress.

The BLM has been successfully employed to model and predict the amelioration of toxicity 
caused by competing ions. For instance the effect of major cations such as H+, Ca2+, Mg2+, Na+ 
and K+ on the decrease in toxicity of heavy metals has been interpreted as competition between 
cations at the BL.64,65 However, as mentioned above the BLM has not been successfully developed 
or extended to the assessment of metalloids bioavailability.68 In fact, the current BLM approach 
would fail to predict the enhanced toxicity of anions such as Se and As as a result of an increasing 
availability of usually ameliorating cations such as Ca2+.69 As the chemistry of many metalloids 
is dominated by anionic forms in solutions the discussed limitation in the BLM approach is 
particularly important for these elements. Kinraide and coworkers68,70,71 have put forward that 
the limitation in the BLM approach is caused by this model neglecting the effect of the cell 
membrane surface potential (0). It is well known that cell membranes are negatively charged 
(e.g., see ref. 72). This charge plays an important role in relation to the activities of cations and 
anions at the cell surface. For instance, negative values of 0 result in an increase in cation and 
in a decrease in anion concentrations at the surface of the membrane. Consequently, an increase 
in cations (including protons) in the medium surrounding a membrane reduces the negativity of 
0. This electrostatic effect causes a reduction in the surface activity of potentially toxic cations 
and an increase in the surface activity of anions, such as As(V). This mechanism explains why 
the extrinsic toxicity of Cu2+ is alleviated by ameliorating cations such as Ca2+, whereas the 
extrinsic toxicity of anions is aggravated. Kinraide and Yermiyahu72 has recently demonstrated 
that effects due to the plasma membrane surface potential may be more important in terms of 
bioavailability than site-specific competitions for cations. This approach has enabled us to ef-
fectively explain changes in As(V) toxicity as a result of changes in the concentration of cations 
in solution.68 Therefore, the inclusion of 0 effects is expected to increase our understanding 
of metalloids toxicity in the future and should represent a robust approach to the prediction 
of metalloid toxicity.

Despite this recent development, however, it should be kept in mind that several metalloid 
species are present in the environment as uncharged molecules. This is for instance the case of boric 
acid and As(III). Therefore, cationic competition and the consideration of surface potential will 
possibly be irrelevant for such species. Instead, new conceptual and numerical models will have 
to be developed to assess metalloid toxicity.

Conclusion
Based on a review of physical chemical properties, origin, use, partitioning, speciation and 

bioavailability of metalloids and their relevance in the environment it can be concluded that:
The elements boron (B), silicon (Si), germanium (Ge), arsenic (As), antimony (Sb), tel-

lurium (Te), polonium (Po) and astatine (At) are all considered metalloids. Ge, Te, Po and At 
are typically present in very low levels in the environment and as such are not considered of 
relevance in terms of environmental health. The pH, redox potential and the reactive sorbents 
(clay minerals, Al, Fe and Mn oxides, organic matter) in soils and sediments are key factors 
in controlling the partitioning, speciation and bioavailability of the metalloid elements B, Si, 
As and Sb. Inclusion of the surface membrane potentials in availability models is expected to 
increase our understanding of metalloids toxicity in the future and should represent a robust 
approach to the prediction of metalloid toxicity.
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Abstract 

Aquaporins (AQPs) and aquaglyceroporins facilitate transport of a broad spectrum of 
substrates such as water, glycerol and other small uncharged solutes. More recently, AQPs 
have also been shown to facilitate diffusion of metalloids such as arsenic (As) and antimony 

(Sb). At neutral pH, the trivalent forms of these metalloids are structurally similar to glycerol and 
hence they can enter cells through AQPs. As- and Sb-containing compounds are toxic to cells, yet 
both metalloids are used as chemotherapeutic agents for treating acute promyelocytic leukemia 
and diseases caused by protozoan parasites. In this chapter, we will review the role of AQPs and 
other proteins in metalloid transport in prokaryotes and eukaryotic microbes.

Introduction
Arsenic (As) and antimony (Sb) are two toxic metalloids with similar chemical properties. 

Arsenic is classified as a group I human carcinogen and affects the health of millions of people 
through the drinking water and the food chain.1,2 The toxic and carcinogenic effects of As may 
be caused by inactivation of specific enzymes of metabolism, induction of oxidative stress, inhibi-
tion of DNA repair mechanisms and deregulation of cell proliferation. Sb is less abundant in the 
environment than As and much less is known about its carcinogenicity and mechanisms of action.3 
Despite their toxicity, arsenicals and antimonials have a long history of usage as chemotherapeutic 
agents. Today, As- and Sb-containing drugs are used for treating acute promyelocytic leukemia 
and diseases caused by protozoan parasites. To act as a drug or poison, these metalloids need to 
enter cells, which makes it imperative to recognize their uptake pathways. Similarly, to avoid 
toxicity and acquire tolerance cells employ systems that remove these agents from the cytosol via 
efflux pathways. In this chapter, we will review the role of AQPs and other proteins in metalloid 
transport in prokaryotes and eukaryotic microbes.

Metalloid Transport in Prokaryotes
The two relevant oxidation states of As are pentavalent (arsenate [As(V)]) and trivalent (ar-

senite [As(III)]). In solution the oxyanion As(V) is an analogue of phosphate and competitively 
inhibits enzymes that use phosphate or have phosphorylated intermediates. In Escherichia coli the 
two phosphate transporters are Pit and Pst,4 both of which catalyze As(V) uptake.5,6 Given the 
structural similarities between As(V) and phosphate, it seems probable that As(V) is adventitiously 
taken up by phosphate transporters in most organisms, including humans.
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In contrast, pathways of As(III) uptake were identified only recently.7 The initial studies of 
As(III) transport in the Rosen lab began over 25 years ago, focusing initially on As(III) detoxifica-
tion conferred by efflux pumps.8 Many times over the years the question was asked how As(III), 
the most toxic inorganic form of As, enters cells. In 1973 Rosen identified mutants of E. coli that 
were resistant to antibiotics because they were unable to accumulate neomycin.9 This led Rosen 
to consider a selection strategy for identification of mutants of E. coli that were resistant to the 
metalloids As(III) and antimonite [Sb(III)] because they could not take them up. Omar Sanders, 
an undergraduate and Chris Rensing, a postdoctoral associate in the Rosen lab, used random mu-
tagenesis with the transposon TnphoA.10 An advantage of this selection is that insertions into the 
genes for membrane proteins can generate blue colonies when the gene for alkaline phosphatase 
(phoA) is exposed to the periplasmic space, enriching for insertions in the genes for transporters. 
They selected on media containing either As(III) or Sb(III) and isolated a single mutant, OSBR1, 
that is resistant to Sb(III)11 and exhibited a 90% reduction in the rate of As(III) uptake.12 The 
point of insertion was found to be within the glpF gene, which encodes the aquaglyceroporin, 
GlpF. These results clearly identify GlpF as the major route of As(III) entry in E. coli (Fig. 1). 
Although the mutant was resistant to Sb(III), it retained some sensitivity to As(III), indicating 
that there must be one or more additional uptake systems for As(III) that account for the residual 
10% of uptake.

Uptake of glycerol in E. coli was first described by Edmund Chi Chien Lin (1928-2006) in 
1968.13 In 1972 he showed that the glpF gene encodes a transporter that catalyzes facilitated 

Figure 1. Pathways of arsenical uptake and detoxification in E. coli and S. cerevisiae. In both 
E. coli and yeast (and probably most cells) As(V) is taken up by phosphate transporters, while 
As(III) is taken up by aquaglyceroporins (GlpF in E. coli and Fps1p in yeast). Fps1p is negatively 
regulated by Hog1p. In yeast As(III) is also taken up by a number of the hexose transporters 
(Hxtp). In both E. coli and S. cerevisiae, As(V) is reduced to As(III) by an As(V) reductase, in 
E. coli this is ArsC and in yeast it is Acr2p. Although these two enzymes are unrelated evo-
lutionarily, glutathione (GSH) and glutaredoxin serve as the source of reducing potential for 
both. As(III) detoxification results from removal of the metalloid from the cytosol. In E. coli, 
As(III) is extruded from the cells by ArsB alone or by the ArsAB ATPase. In yeast, Acr3p is a 
plasma membrane As(III) efflux protein, and Ycf1p, an ABC transporter in the MRP family, 
pumps As(GS)3 into the vacuole.
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diffusion of glycerol,14 decades before identification of mammalian aquaporins; E.C.C. Lin 
should be given credit posthumously for the identification of the first member of the aquaporin 
(AQP) superfamily. In a series of papers he and his collaborator Thomas H. Wilson at Harvard 
Medical School characterized GlpF as a glycerol channel. In 1989 the sequence of the glpF 
gene was reported15 and, in 1990, Lin cloned the glpF gene in collaboration with Winfried 
Boos.16 Perhaps the most important event in the field was the identification of the human 
kidney aquaporin, AQP1, the long-sought after erythrocyte water channel by Peter Agre,17 for 
which he was awarded the Nobel Prize in Chemistry in 2003. The aquaporin superfamily of 
small, hydrophobic, integral membrane proteins is expressed widely in animals, plants, insects, 
parasites, yeast and bacteria.18 The AQPs can be functionally categorized into two subgroups, 
the orthodox AQPs, which are water specific channels and aquaglyceroporins, which allow the 
transport of water, glycerol and other small uncharged solutes (see also chapters by Hachez and 
Chaumont as well as Danielson and Johanson in this book).

This raised the question of how trivalent inorganic As, which was often considered to be the 
anion As(III) in solution, could be taken up by a channel for neutral species. However, it’s pKa 
is 9.2, so it would be expected to be protonated at physiological pH. To examine this question, 
Rosen and collaborators used X-ray absorption spectroscopy (XAS) to determine the nearest 
neighbor coordination environment of As(III) under a variety of solution conditions.19 Extended 
X-ray Absorption Fine Structure (EXAFS) analysis demonstrated three oxygen ligands at 1.78 Å 
from the As atom, showing that the major species in solution is As(OH)3, which is effectively an 
inorganic molecular mimic of glycerol.

Aquaglyceroporins are widespread in prokaryotes, which makes it likely that As(III) is taken 
into most bacteria adventitiously by these channels. One variation on the theme is AqpS of 
the legume symbiont Sinorhizobium meliloti, which participates in a novel mechanism of As 
detoxification, the only known example of an aquaglyceroporin with a physiological role in As 
resistance.20 As(V) is taken up by S. meliloti via a phosphate transport system and is reduced 
to As(III) by ArsC, an As(V) reductase, generating As(III) in the cytosol. This internally gen-
erated As(III) is extruded from the bacterial cell by downhill movement through AqpS. This 
demonstrates that aquaglyceroporins are bi-directional channels that facilitate movement of 
As(III) both into and out of cells, depending on the orientation of the concentration gradient. 
Thus, in S. meliloti the combination of AqpS and ArsC effectively forms a novel pathway of 
As(V) detoxification.

The bacterial GlpF aquaglyceroporin has provided fundamental structural insights in the 
mechanism of aquaporin channels. To understand the way in which these channels conduct wa-
ter and organic solutes, their structure was hotly sought-after. Cryo-electron microscopy of the 
mammalian AQP1 gave the first three-dimensional data at 6 Å resolution.21 But it was the E. coli 
GlpF that provided the first atom-level details when Fu and Stroud solved its structure at 2.2 Å 
by X-ray crystallography.22 This provided a wealth of information about the relationship of struc-
tural elements and conserved sequence regions to function. Since then a number of structures of 
homologues have been determined and they show that these highly conserved proteins possess an 
identical structural core with the same ‘hour-glass’ fold. When the structure was solved, it became 
apparent that GlpF and subsequently all AQPs, are homotetramers in which each monomer consists 
of six membrane spanning �-helices, with two membrane spanning half-helices interacting with 
each other from opposing sides through two highly conserved aspargine-proline-alanine (NPA) 
motifs that form a narrow pore that limits the size of the substrates. On the periplasmic side of the 
membrane, a constriction region about 8 Å from the NPA motifs, termed the aromatic/arginine 
(ar/R) region, forms a primary selection filter that controls selectivity for uncharged solutes. Since 
As(III) forms As(OH)3 in solution, GlpF and a number of other aquaglyceroporins such as hu-
man AQP9 and plant NIPs are able to conduct this and other metalloids, which are most likely 
hydroxyacids in solution, across the membrane.18 Of clinical relevance is the uptake of Trisenox 
in leukemia cells by AQP9.23 Trisenox (arsenic trioxide), a major chemotherapeutic drug for the 
treatment of acute promyelocytic leukemia, is also As(OH)3 in solution.
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Single crystal structures by themselves do not define mechanism. They are like single frames 
of the movie that plays out the mechanism. However, the structures are useful for conducting 
molecular dynamics simulations, which bridge the gap between experimental data and in silico 
analysis and are useful tools to test models that would be difficult to do experimentally and for 
predictions that can then be tested experimentally. Molecular dynamic simulations of GlpF 
showed that hydrogen bonding interactions between glycerol and residues within the channel 
could account for its stereoselectivity.24 Although GlpF conducts glycerol equally well in both 
directions, the channel protein is structurally asymmetrical, with a periplasmic vestibule that, 
from mean force calculations, has an attractive force that increases the rate of glycerol conduc-
tion by 40-75%.25 From direct comparison of the structures of GlpF, an aquaglyceroporin, with 
human AQP1 and with AqpZ, the E. coli aquaporin water channel, it appears that the diameter 
of the channel at its narrowest point is a major factor discrimination between water and glycerol 
because the diameter of the water channels are too small to allow for passage of glycerol26 (Fig. 2). 
In GlpF the pore diameter is 4.0 Å, while in AqpZ, the side chains of residues leu21 and phe159 
project inward, narrowing the pore to a diameter less than 3.0 Å, with a similar sized constriction 
of 2.8 Å in bovine AQP1.27

Molecular dynamic simulations that directly compared GlpF with AqpZ shed light on the 
mechanism of substrate selectivity in these channels, i.e., why GlpF is a glycerol channel.28 In ad-
dition to the periplasmic vestibule present in GlpF and absent from AqpZ, there is a much larger 
barrier in AqpZ (22.8 kcal/mol) than in GlpF (7.3 kcal/mol) at the ar/R selectivity filter caused 
by steric restrictions in AqpZ. The latter difference can be attributed to the more pronounced 
structural asymmetry of GlpF, which may play a role in attracting glycerol.25 Thus, molecular 
dynamic simulations are useful in exploring the mechanism of metalloid conduction by GlpF and 
in predicting which AQPs are metalloid channels.

Two different families of metalloid efflux proteins can be found in bacteria; the ArsB and the 
ACR3 family.29 ArsB is a member of the Major Facilitator Superfamily of transporters and is the 
most widespread determinant for As resistance in bacteria and archea. ArsB from E. coli is the 
best characterized member of this family and it exhibits a dual mode of energy coupling depend-
ing on the subunit composition. In the presence of the ArsA, ArsB associates with ArsA to form 
the As(III)-transporting ArsAB ATPase. In contrast, in the absence of the ArsA, ArsB acts as an 
As(III)/H+ antiporter.12,30 Members of the ACR3 family are found in bacteria, archea and fungi. 
In general, less is known about the Acr3 proteins, although proteins from Bacillus subtilis31,32 and 
yeast33 have been functionally characterized (see below).

Figure 2. Cross-sectional views of (A) bovine AQP1 (Protein Data Base (PDB) IJ4N) and (B) 
E. coli GlpF glycerol channel (PDB 1LDI) showing the narrowest opening of the pore with a 
water or As(OH)3 molecule, respectively.
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Metalloid Transport in Eukaryotic Microbes
Metalloid Uptake in Yeast

Three metalloid entry pathways have been characterized in Saccharomyces cerevisiae (budding 
yeast): the aquaglyceroporin Fps1p, hexose permeases and phosphate permeases (Fig. 1). The 
yeast aquaglyceroporin Fps1p was the first eukaryotic As(III) and Sb(III) uptake pathway to be 
described.34,35 Besides As(III) and Sb(III), Fps1p may also mediate influx of the metalloid boron 
(B).36 Fps1p is a plasma membrane glycerol channel with a central role in osmoregulation. It is 
inactive under hyperosmotic conditions, thus permitting glycerol accumulation and turgor re-
covery. In contrast, hypoosmotic shock triggers rapid activation of Fps1p and subsequent glycerol 
release, preventing cell bursting and death.37 Regulation of Fps1p activity requires a short domain 
in the cytoplasmic N-terminal extension: without this domain, Fps1p cannot restrict transport 
and becomes hyperactive.37,38

Inactivation of Fps1p, either by increasing external osmolarity or by deleting the FPS1 gene, 
results in enhanced As(III) and Sb(III) tolerance. Conversely, cells expressing a hyperactive Fps1p 
protein are highly As(III) and Sb(III) sensitive. Direct transport assays demonstrated that Fps1p 
mediates As(III) influx into cells: cells lacking FPS1 accumulated little As(III), whereas cells har-
bouring hyperactive Fps1p accumulated large amounts of As(III).34,35 Interestingly, this metalloid 
entry pathway is apparently regulated by As(III). First, expression of the FPS1 gene is repressed 
when cells are exposed to As(III) or Sb(III), although the identity of the protein/signal transduc-
tion pathway involved is unknown.34 Secondly, the mitogen-activated protein kinase (MAPK) 
Hog1p has a negative effect on Fps1p-mediated As(III) transport. From phenotypic analysis, 
Sb(III) influx into cells is mostly Hog1p regulated as well. Hog1p phosphorylates a threonine 
residue (thr-231) within the Fps1p N-terminus, resulting in reduced As(III) influx. Inactivation 
of Hog1p results in reduced Fps1p phosphorylation and increased As(III) influx through Fps1p. 
Hence, down-regulation of MAPK activity may be an effective way to sensitize cells and to reverse 
metalloid resistance by increasing influx.39

As mentioned above, As(III) also enters cells through hexose transporters. There are more than 
20 hexose permeases in yeast, so, under laboratory conditions, about 80% of medium As(III) can 
be taken up by the aggregate of all of the glucose permeases. On the other hand, Fps1p has the 
highest rate of As(III) transport and is much more rapid than any individual glucose transporter. It 
is likely that during growth in the presence of glucose, where most glucose permeases are repressed, 
the majority of As(III) would enter via Fps1p. When glucose is absent from the growth medium, 
conditions that favor expression of many of the hexose permeases, most As(III) uptake would prob-
ably be via hexose permeases. Similarly, a strain that lacks all hexose carriers exhibits low level of 
As(III) uptake and improved tolerance. As(III) transport through individual hexose transporters is 
inhibited by glucose and vice versa, the presence of As(III) reduces sugar transport.40 Polymerisation 
of three As(OH)3 molecules has been predicted to form a six-membered ring structure that may 
be similar to the known structure of arsenious oxide (As4O6) and that of hexose sugars and it has 
been proposed that this putative structure could be recognized by the hexose carriers.40 Although 
Fps1p and hexose transporters mediate the majority of As(III) influx into cells, genetic evidence34 
and transport data40 suggest that additional uptake routes may exist. The molecular identity of the 
protein(s) catalyzing residual As(III) uptake remains to be unveiled.

The third pathway of metalloid uptake is as the pentavalent form, As(V), which, as in E. coli, 
occurs via phosphate transporters. In yeast, mutations in PHO84, which encodes a high-affinity 
phosphate transporter, or in the PHO87 and PHO88 genes encoding, respectively, a low affinity 
phosphate transporter and a putative phosphate transporter, confer As(V) tolerance,41,42 indicating 
that at least three yeast phosphate transport systems catalyze As(V) uptake.

Metalloid Efflux in Yeast
Yeast also possesses systems for metalloid efflux and detoxification (Fig. 1). The ACR3 gene 

was isolated in a screen for genes that confer high-level As resistance to cells when overexpressed.43 
ACR3 encodes a 46 kDa protein with 10 potential membrane-spanning helices32,33 and deletion 
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of ACR3 sensitizes cells to As(III) and As(V) but not to Sb(III).33 Based on the fact that Acr3p is 
not able to contribute to As(V) tolerance without the activity of the As(V) reductase Acr2p, it was 
suggested that Acr3p is a specific As(III) export protein.43 Indeed, cells expressing multiple copies 
of the ACR3 gene accumulate little As(III),33 whereas the acr3� mutant exhibits reduced As(III) 
efflux.44 The mechanism by which Acr3p transports As(III) is not understood, but the lack of an 
ATP-binding cassette in the Acr3p sequence suggests that As(III) export may be coupled to the 
membrane potential.29 The activity of Acr3p is controlled at the level of transcription; ACR3 expres-
sion is strongly induced by As(III), As(V) and to a lesser extent by Sb(III). Metalloid-stimulated 
expression of ACR3 requires the AP-1-like transcription factor Yap8p (also called Acr1p or 
Arr1p).45-47 Yap8p is a homodimer that predominantly resides in the nucleus, where it binds to 
the ACR3 promoter both in untreated and As(III)-exposed cells. In response to As(III), Yap8p is 
activated and induces expression of ACR3.46,48

The fact that ACR3 expression is stimulated by Sb(III) may suggest that As(III) is not the 
sole substrate for Acr3p. However, yeast cells lacking ACR3 are not Sb(III) sensitive33 and an 
Acr3p homologue from the Bacillus subtilis ars operon confers resistance only to arsenicals.31 On 
the other hand, genetic data suggests that Acr3p might contribute to Sb tolerance under certain 
conditions,34 so the specificity of Acr3p is not entirely clear.

The yeast cadmium factor 1 (Ycf1p) constitutes the major pathway of toxic metal sequestration 
in the vacuole. The YCF1 gene was isolated in a screen for genes conferring cadmium resistance 
to cells when present in multiple copies. Cells that overexpress YCF1 exhibit elevated cadmium 
resistance, while the ycf1� mutant is hypersensitive to this metal.49 Ycf1p is an ATP-binding cassette 
(ABC) transporter that shares a high degree of sequence similarity to the multidrug-associated 
protein MRP1.49 Ycf1p catalyzes ATP-dependent transport of a range of glutathione-conjugated 
metals and xenobiotics into the vacuole.50,51 Ycf1p also confers resistance to As(III) and Sb(III): 
ycf1� is sensitive to As(III) and Sb(III) and the protein is required for transport of the As(GS)3 
complex into yeast vacuoles.34,44 Hence, Acr3p and Ycf1p represent two distinct and parallel metal-
loid detoxification pathways with different specificities.

How Ycf1p is regulated by metals and xenobiotics is not well understood. Expression of the 
YCF1 gene is not induced to any large extent by metal(loid)s. Instead, it appears to be tightly regu-
lated at the posttranslational level. Ycf1p is phosphorylated at various residues: phosphorylation 
of ser908 and thr911 has a positive effect,49,52 whereas phosphorylation of ser251 has a negative 
effect on transport.53 Ycf1p activity is also stimulated by Tus1p, a guanine nucleotide exchange fac-
tor.54 Yeast cells also possess a B export protein; Bor1p is a plasma membrane protein that confers 
tolerance by decreasing intracellular B levels.55

Metalloid Transport in Parasites
Leishmaniasis and Human African Trypanosomiasis (or sleeping sickness) are parasitic diseases 

that affect millions of people in the tropics and subtropics and current treatment involves antimo-
nial and organoarsenical drugs (see also the chapter by Mukhopadhyay and Beitz in this book). 
Leishmania major has been shown to take up As(III) and Sb(III) through the aquaglyceroporin 
LmAQP1.18,56 Expression of LmAQP1 in a number of drug resistant parasites restores their As(III) 
and Sb(III) sensitivity and transport assays demonstrated that this sensitivity is caused by increased 
metalloid uptake. It is striking that overexpression of LmAQP1 overcomes drug resistance no mat-
ter what the mechanism of resistance. Disruption of one of the two LmAQP1 alleles in L. major 
resulted in increased resistance to Sb(III).56 Moreover, AQP1 RNA levels were downregulated in 
Sb(III) and Pentostam (a pentavalent antimonial)-resistant promastigotes of several Leishmania 
species.57 In addition, downregulation of LmAQP1 mRNA can be a cause of resistance.58 Hence, 
the Leishmania aquaglyceroporin AQP1 plays a major role in drug resistance, and modulation of 
this channel by pharmacological agents may be a stratagem to reverse drug resistance in the field. 
Trypanosomes also possess aquaglyceroporins and their role in metalloid transport and drug 
resistance is currently under investigation. Finally, arsenic trioxide and antimony trichloride have 
been tested for their antimalarial properties.59 Interestingly, antimony trichloride was shown to 
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be effective in the nanomolar range, suggesting that the aquaglyceroporin PfAQP of the malarial 
parasite Plasmodium falciparum may catalyze metalloid transport.

One MRP family member from protozoan parasites involved in metalloid detoxification has 
been characterized.60,61 Leishmania PgpA catalyzes transport of As(III) and Sb(III) conjugated 
to glutathione or trypanothione, a glutathione-spermidine conjugate that is the major intracel-
lular thiol in trypanosomids such as Leishmania. PgpA is localized in membranes that are close 
to the flagellar pocket, the site of endocytosis and exocytosis in this parasite. Hence, PgpA is an 
intracellular ABC transporter that confers As(III) and Sb(III) resistance by sequestration of the 
metal-thiol conjugates.60

Conclusion
This short chapter has described the identification of aquaporins as major routes of uptake of 

As and other metalloids, first in bacteria and then in yeast. These unicellular organisms are still 
excellent model systems for understanding transport pathways in higher organisms. From what 
was first learned in E. coli and S. cerevisiae, we now know that metalloids are taken into most, if 
not all organisms by aquaglyceroporins—bacteria, fungi, parasites, plants and animals, including 
humans. To quote the Nobel Prize-winning biologist Jacques Monod, “what is true of E. coli is true 
of the elephant, except more so.” He meant us.
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Abstract 

Metalloids can severely harm human physiology in a toxicological sense if taken up from 
the environment in acute high doses or chronically. However, arsenic or antimony 
containing drugs are still being used as treatment and are often the sole regime for 

certain forms of cancer, mainly types of leukemia and diseases caused by parasites, such as sleep-
ing sickness or leishmaniasis. In this chapter, we give an outline of the positive effects of arsenicals 
and antimonials against such diseases, we summarize data on uptake pathways through human 
and parasite aquaglyceroporins and we discuss the progress and options in the development of 
therapeutic aquaporin and aquaglyceroporin inhibitor compounds.

Introduction
Metalloid is a term used in chemistry when classifying the chemical elements. On the basis 

of their general physical and chemical properties, nearly every element in the periodic table can 
be termed either a metal or a nonmetal—however a few elements with intermediate properties 
are referred to as metalloids. In the standard layout of the periodic table, metalloids occur along 
the diagonal line through the p block from boron to astatine (see also the chapter by Lombi and 
Holm in this book). Arsenic (As) and antimony (Sb) are considered metalloids and have been 
used as chemotherapeutic agents from the pre-antibiotic era. Arsenic has been used as a chemo-
therapeutic agent for more than 2400 years.1 Thomas Fowler in the 18th century synthesized a 
bicarbonate-based arsenic trioxide (As2O3) solution (Fowler’s solution) that was used empirically 
to treat a variety of diseases during 18th, 19th and 20th centuries.2 Use of arsenical pastes for 
skin and breast cancer and arsenous acid for hypertension, bleeding gastric ulcers, heartburn and 
chronic rheumatism was described in the pharmacological texts of the 1880s.3 In 1910, Noble 
laureate Paul Ehrlich developed Salvarsan (dihydroxydiaminoarsenobenzenedihydrochloride), 
an organic arsenical used to treat syphilis and sleeping sickness (trypanosomiasis). Even today, 
the As containing drug Melarsoprol is the first line of treatment against sleeping sickness.4 
“Ailing-1”, a solution of crude As2O3 and herbal extracts of the 1970s from China formed the 
basis for the treatment of acute promyelocytic leukemia (APL).1 In 1998 a controlled clinical 
trial with As2O3 showed complete remission of APL, i.e., absence of symptoms.5 However, 
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three of eleven of these patients became nonresponsive to As2O3 treatment suggesting a close 
relationship between As resistance and cancer chemotherapy. Sb is a related metalloid to As 
and pentavalent Sb containing drugs, such as Pentostam and Glucantime are still the first line 
of treatment for infections with Leishmania parasites (leishmaniasis).

Arsenite [As(III)] and antimonite [Sb(III)] are known to be taken up or released by mem-
brane transporters which are ubiquitously present from bacteria to man. In E. coli ArsA and 
ArsB form an ATP-driven efflux pump for As(III) where ArsB is the membrane component 
and ArsA is the catalytic subunit.6 Acr3p is a secondary transporter in the plasma membrane 
of S. cerevisiae that extrudes As(III) out of the cell.7 S. cerevisiae also has a parallel pathway 
for As detoxification. Arsenic is sequestered inside the vacuole as conjugates with glutathione 
(GSH), i.e., As(GS)3, by Ycf1p (yeast cadmium factor), a p-glycoprotein (PGP) and multi drug 
resistance protein (MRP-1) homologue.8 Similar pathways of As transport have been observed 
in a protozoan parasite Leishmania spp. The plasma membrane As(III) transporter is an ATPase 
which transports As-thiol complexes.9 We have also demonstrated As(GS)3 transport by PGPA 
and MRP-1 homologues into vesicles localized near the flagellar pocket in Leishmania10 (Fig. 1). 
In the soil nematode, C. elegans multi drug resistance proteins contribute to As(III) resistance11 
and also in humans homologous proteins have been shown to transport As glutathione (GSH) 
complexes (Fig. 1). It has been shown that different MRP-1 expression levels in different mouse 
strains determine the degree of As(III) induced kidney injury.12 Zaman et al13 have shown that 
MRP increases the export of GSH from the cell and this increased export is further elevated 
in the presence of As(III). Recently, it was demonstrated that chronic exposure to methylated 
arsenicals stimulates MDR pathways and induces As tolerance in rat liver cells.14 In contrast, 
metalloid transport by channels such as aquaglyceroporins is a relatively new concept (see 
also the chapter by Rosen and Tamás in this book). In this chapter we are going to pursue this 
aspect of metalloid transport in relation to human diseases such as cancer and infections by 
human-pathogenic parasites.

Figure 1. Metalloid transport in mammalian cells and Leishmania. AQP3, 7 and 9 have been 
shown to take up As(III) in mammalian cells. In mammals, Mrp isoforms pump As(GS)3 out of 
cells. In Leishmania, Sb(V) is taken up by macrophages and a portion is reduced to Sb(III), which 
is then transported into the amastigote by the leishmania aquaglyceroporin LmAQP1. The other 
portion of Sb(V) is taken into the amastigote and reduced to Sb(III) by LmACR268 and perhaps 
other enzymes such as TDR1.69 Adapted with permission from Bhattacharjee H, Rosen B, 
Mukhopadhyay R. Aquaglyceroporine and metalloid transport: Implications in human diseases. 
In: Beitz E, ed. Handbook of Experimental Pharmacology. Germany: Springer, 2008.
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Metalloids and Cancer
Arsenic trioxide (As2O3) induces potent antitumor effects in vitro and in vivo. It is now being 

used as a first line of treatment against a certain form of blood cancer, acute promyelocytic leukemia 
(APL), which is characterized by an excess of immature leukocytes in the bone marrow. At lower 
doses (�0.5 �mol/L) As2O3 induces differentiation into mature cells whereas at higher concentra-
tions it leads to apoptotic cell death.15-18 Additionally, As2O3 can be of potential therapeutic value 
in cases such as chronic myelogenous leukemia (CML). Here, types of mature leukocytes grow 
unregulated in the bone marrow and accumulate in the blood. It has been proposed that As2O3 
can induce apoptosis of CML cell lines19 and CML leukemic blasts.20,21 It is also undergoing Phase 
II clinical trial as stand alone treatment or in combination with other drugs such as melphalan.22 
As2O3 is being trialed against solid tumors that are mostly resistant to current therapies.23 These 
include liver, pancreatic, gastric, ovarian, cervical, prostate, renal, bladder, lung and neurological 
(neuroblastoma, glioblastoma multiforme) cancers.22 In spite of the therapeutic effects of As, it has 
been classified as a potent human carcinogen or cocarcinogen. Epidemiologic studies from Finland, 
Taiwan, China, Bangladesh, India, Mexico, South-Western United States and Central and South 
America have shown that exposure to inorganic As is associated with increased risk of cancers of 
the skin and internal organs including the urinary bladder, respiratory tract, liver and kidney.24 The 
population cancer risk due to As has been suggested to be compatible to environmental tobacco 
smoke and radon in homes with risk estimates of around 1 per 1000.25

The mechanism(s) by which As2O3 is able to establish such a wide range of inhibitory effect 
as an anticancer agent is still unclear. In many cases induction of apoptosis by mitogen-activated 
protein kinase (MAPK) pathways has been linked. In fact, p38 MAPK has been shown to be 
altered in various immortal so-called neoplastic cell lines. Pharmacological inhibition of p38 
MAPK potentiated As-dependent apoptosis and suppression of growth of leukemia cell lines.26 
A number of studies have suggested that As alters gene expression by modulation of intracellular 
phosphorylation events and MAPK.24

Uptake of Metalloids via Human Aquaglyceroporins
Before As can impair the cellular machinery, it has to enter a cell through an uptake system. 

As described in other chapters of this book, these uptake systems can very well be aquaglycer-
oporins. But, how does a cell sense the presence of these metalloids and activate various tolerance 
systems? MAPKs have also been linked in regulating the expression of aquaporins. It has been 
shown that hyperosmolar mannitol simulates expression of AQP4 and AQP9 through a p38 
MAPK-dependent pathway in rat astrocytes.27 Hypertonicity-induced AQP1 expression is medi-
ated by the activation of MAPK pathways and a hypertonicity-responsive element in the AQP1 
gene.28 Mitogen-induced cell proliferation was also impaired in AQP3 deficient keratinocytes, 
with greatly reduced p38 MAPK activity.29 Recently, a direct link has been established between 
the regulation of aquaglyceroporins by MAPK and As(III) transport. S. cerevisiae Hog1p is a 
homologue of p38 and the ultimate MAPK of the high osmolarity glycerol pathway.30 It has been 
demonstrated that a Hog1p null mutant becomes hypersensitive to As(III)/Sb(III) due to high 
accumulation of metalloid inside the cells. This occurs because Hog1p-mediated phosphorylation 
of Fps1p is prevented in a Hog1p null mutant. Fps1p is phosphorylated at thr231 by cytosolic 
Hog1p which leads to reduced metalloid transport activity by Fps1p.30 Thus MAPK activation 
by As(III) in cancer cells could have far reaching consequences. We have shown that human 
AQP9 has the ability to modulate sensitivity of leukemia cells to the metalloids. When human 
AQP9 was over expressed in the chronic myelogenous cell line K562 or promyelocytic leukemia 
cell line HL-60, both became hypersensitive to As(III)/Sb(III) due to higher accumulation of 
the metalloids. Additionally, we have shown that, vitamin D pretreatment induces expression of 
AQP9 in HL-60 cells and thereby making them hypersensitive to As(III) and Sb(III) due to excess 
metalloid accumulation.31 All trans retinoic acid (ATRA) has also been shown to induce AQP9 
expression in HL-60 cells.32 This could very well be the reason of successful antileukemic regimen 
of combinatorial therapy of ATRA and As2O3 especially in the cases where it was resistant to the 
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first phase of treatment.33,34 A correlation between AQP9 expression and sensitivity to As2O3 in 
11 leukemia cell lines has been observed. Among these cell lines an APL line NB4 was found to 
express the highest amount of AQP9 and was most sensitive to As2O3 treatment. It is intriguing to 
note that, APL is also clinically the leukemic subtype that responds best to As2O3 therapy.32 These 
findings were also verified by examining AQP9 expression in a series of acute myeloid leukemia 
samples, the most common form of adult leukemia (AML). Consistently AQP9 was expressed 
more in the APL subtypes of AML. This observation was consistent with the high sensitivity of 
APL to As2O3 compared with other AML subtypes.32 On the other hand, is it possible for cancer 
cells to become As resistant by down regulating the aquaglyceroporins? Lee et al35 raised a lung 
adenocarcinoma cell line (R15) which was 10 times more resistant to As(III) when compared 
to the wild type (CL3). This cell line does not express any AQP7 or AQP9, only AQP3 which 
was two fold lower than CL3. It has been observed that R15 overexpresses multi drug resistant 
related protein (MRP2) and down regulates AQP3. Thus the As resistant cell line reduced the 
uptake of the drug while inducing the extrusion by an efflux pump. Moreover, overexpression of 
AQP3 in the human embryonic kidney 293T cells resulted in an increase in both accumulation 
and sensitivity to As(III). Therefore downregulation of aquaglyceroporin expression may lead to 
metalloid resistant phenotype.

Metalloids in Protozoan Parasitic Infections
Metalloid containing drugs have been used against protozoan parasitic infections since the 

pre antibiotic era. As(III) containing drug Melarsoprol and antimonate [Sb(V)] containing drug 
Pentostam or Glucantime are still the first line of treatments against sleeping sickness and leish-
maniasis (one form Kala-Azar), respectively. Human African trypanosomiasis (HAT), or sleeping 
sickness, constitutes a serious public health threat in Africa, particularly in central Africa, where 
approximately 60 million persons are at risk to become infected. The disease has reached epidemic 
proportions in four countries, with a prevalence of over 20% in some areas: Sudan, Uganda, the 
Democratic Republic of Congo and Angola. It is estimated that 300 000-500 000 persons are 
infected with trypanosomes.36 Sleeping sickness develops in two stages, the first involving the 
hemolymphatic system and the second, the neurological system. Left untreated, sleeping sickness 
is invariably fatal. There have been no therapeutic advances in more than 40 years. Stage 1 can be 
treated with Pentamidin and Suramin, but Stage 2 can only be treated with Melarsoprol, a toxic 
As derivative.36 The mechanism of action of the drug is not exactly clear. It has been proposed to 
act on trypanothione, a novel thiol in trypanosomes and other kinetoplastids which is absent in 
mammals.37 It also interacts in the glycolytic pathways.38 Melarsoprol resistance has been linked 
to diminished drug uptake.39

Three aquaglyceroporins have been identified in Trypanosoma brucei—TbAQP1, 2 and 3 
which show 40-45% identity to the mammalian AQPs. All three proteins were able to transport 
water, glycerol and dihydroxyacetone when expressed in Xenopus oocytes. In S. cerevisiae TbAQPs 
suppressed hypoosmosensitivity of the fps1 null mutant. Under iso- and hyperosmotic conditions, 
these cells constitutively released glycerol, consistent with a glycerol efflux function. Except for urea, 
TbAQPs were impermeable to other polyols, only TbAQP3 transported erythritol and ribitol.40 
These proteins are expressed differentially at different life cycle stages. TbAQP3 is the major AQP 
in the logarithmically growing slender blood stream form whereas TbAQP1 is heavily expressed in 
the stationary phase stumpy bloodstream form. We have identified that all three TbAQPs transport 
As(III) and Sb(III) very well (unpublished data Mukhopadhyay and Duszenko). However, it is 
still unclear whether TbAQPs transport Melarsoprol or field isolates of drug resistant parasites 
actually exhibit down regulation of the AQPs.

Leishmaniasis is endemic in parts of 88 countries across five continents—the majority of the 
affected countries are in the tropics and subtropics. Approximately 12 million people worldwide 
are affected by leishmaniasis, while a total of 350 million people are at a risk (http://www.who.int/
tdr/diseases/leish/). The disease in humans has been classified in three different forms, each having 
a broad range of clinical manifestations. Visceral leishmaniasis (VL) is the most severe form of the 
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disease and is fatal if left untreated. VL is caused by Leishmania donovani, Leishmania infantum 
or Leishmania chagasi and is characterized by irregular bouts of fever, substantial weight loss, 
swelling of the spleen and liver and anemia. Approximately 90% of the 500,000 new cases of VL 
reported annually occur in Bangladesh, Brazil, India, Nepal and Sudan. Cutaneous leishmaniasis 
(CL) is caused by a variety of species including Leishmania major, Leishmania tropica, Leishmania 
mexicana and Leishmania panamensis. CL is characterized by skin lesions on the exposed parts of 
the body, such as the face, arms and legs, causing serious disability and leaving the patient perma-
nently scarred. It is the most common form of the disease with 1-1.5 million new cases annually 
reported worldwide and 90% of all CL cases are reported from Afghanistan, Brazil, Iran, Peru, 
Saudi Arabia and Syria. Mucocutaneous leishmaniasis (MCL) due to Leishmania braziliensis 
infection produces lesions which can lead to extensive and disfiguring destruction of mucous 
membranes of the nose, mouth and throat cavities. 90% of MCL cases occur in Bolivia, Brazil and 
Peru. Additionally, Leishmania/HIV co-infection is currently emerging as an extremely serious, 
new disease and is being considered a real threat in various parts of the world. VL has been widely 
recognized as an opportunistic infection among persons who are immunosuppressed, particularly 
in patients infected with human immunodeficiency virus.41,42 The first line compounds against all 
forms of leishmaniasis are the two pentavalent antimonials, sodium stibogluconate (Pentostam) and 
meglumine antimoniate (Glucantime). However, clinical resistance to this treatment is becoming 
prevalent.43,44 In fact, more than 50% of VL cases in North-East India are resistant to Pentostam.45 
Leishmania resistant to trivalent Sb has also been reported.46

Despite being used for several decades, the mode of action of pentavalent antimonials is poorly 
understood. The possibility of in vivo metabolic conversion of pentavalent Sb(V) to trivalent 
Sb(III) was suggested more than 50 years ago.47 This hypothesis was supported by the observation 
that hamsters infected with Leishmania garnhami and then treated with Glucantime, Sb(V), 
showed similar serum concentrations of Sb(III) and Sb(V).48 Reduction of Sb(V) to Sb(III) was 
suggested to be associated with decreasing size and healing of the leishmanial ulcers.48 Several 
investigators have shown that Sb(III) is more toxic than Sb(V) to either the promastigote or 
amastigote forms of different Leishmania species.49-51 Sereno et al demonstrated that axenically 
grown amastigotes of L. infantum were more susceptible to Sb(III) than to Sb(V).51 However, 
these amastigotes were found to be poorly responsive to meglumine, Sb(V), compared to amas-
tigotes grown in human macrophages.52 These results strongly suggested a putative reductase 
residing within the macrophage, which catalyzes the conversion of Sb(V) to Sb(III). To exert 
its antiparasitic action, Sb(III) must enter the parasite residing inside the macrophage through a 
transporter. We have shown that this transporter is an aquaglyceroporin LmAQP153 (Fig. 1).

Parasite Aquaglyceroporins Facilitate Metalloid Transport
The L. major genome encodes for five AQPs: LmAQP1, LmAQP�, LmAQP�, LmAQP	 and 

LmAQP
. Whereas LmAQP1 shows strong similarity to bacterial AQPs the other L. major aqua-
porins (LmAQP �–
) are closer to plant AQPs. This is a unique peculiarity of LmAQPs, because 
other parasitic AQPs known to date are either bacteria- or plant-like and not a mixed population.54 
The roles of the other LmAQPs have not been determined yet. LmAQP1 was expressed in Xenopus 
oocytes and was able to function as a water channel. LmAQP1 belongs to the intermediate class 
of water channels; its water transport capacity is 65% of that of AQP1, which is a classical water 
transporter. Interestingly, in contrast to Plasmodium and Trypanosoma AQPs that are inhibited by 
mercurials, LmAQP1 water transport was not inhibited by HgCl2, thereby classifying LmAQP1 as a 
mercurial insensitive water channel. It also transports glycerol, glyceraldehyde and dihydroxyacetone 
reasonably well. Unlike its homologue, urea transport by this aquaglyceroporin is negligible which 
we believe to be a protective function as the parasite has to survive in the hostile environment of 
liver cells.55 LmAQP1 is the first AQP that was localized to the flagellum of the promastigotes and 
flagellar pocket, rudimentary flagellum and contractile vacuoles of the amastigotes. LmAQP1 plays 
an important physiological role in water and solute transport, volume regulation and osmotaxis. 
This helps the parasite to face the osmotic challenges during a swim towards the proboscis, i.e., 
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the sucking mouthpart, of the sandfly and transmission to the vertebrate host.55 LmAQP1 was 
also shown to be a metalloid transporter. It was expressed in promastigotes from three different 
species of Leishmania. Each of the transfectants produced substantial amounts of LmAQP1 
and became hypersensitive in vitro to As(III) and Sb(III). LmAQP1 expression in a variety of 
As(III)- or Sb(III)-resistant mutants restored metalloid sensitivity in every strain, independently 
of the mechanism of resistance. The results of transport studies suggest that this hypersensitivity 
is caused by an increased rate of uptake of Sb(III) or As(III) in the promastigotes, consistent with 
increased amounts of the LmAQP1 channel. Disruption of one of the two LmAQP1 alleles in L. 
major conferred a 10-fold increase in resistance to trivalent Sb compared with the wild type. These 
results suggest that a major route of entry of trivalent Sb, the activated form of Pentostam, into 
Leishmania is catalyzed by LmAQP1. Importantly, the results demonstrate that a loss of LmAQP1 
can produce resistance and that increased expression of LmAQP1 in drug-resistant parasites can 
reverse resistance.53 Additionally, we also over expressed LmAQP1 in drug resistant and sensitive 
field isolates (L. donovani) from India and the intra-macrophageal amastigotes became hypersen-
sitive to Pentostam (unpublished data Mukhopadhyay and Ouellette). We have also shown that 
downregulation of LmAQP1 leads to drug resistance. AQP1 mRNA was shown to be significantly 
decreased in Sb(III)/As(III) resistant L. major and L. tarentolae cells.56 Decuypere et al57 have re-
ported that Pentostam resistant field isolates of L. donovani from Nepal showed downregulation 
of AQP1 leading to reduced uptake of Sb(III). Therefore it is clearly evident in Leishmania that 
LmAQP1 homologues play a major role in cellular physiology and drug resistance which are both 
novel functions for any aquaglyceroporin.

LmAQP1 shares 32% identity and 50% similarity with the Plasmodium falciparum aquaglyc-
eroporin PfAQP. In comparison to the E. coli aquaglyceroporin, GlpF, which is a glycerol channel 
with low water permeability, both LmAQP1 and PfAQP conduct glycerol and water at high 
rates.55,58 Beitz et al59 have shown that glu125 in the extracellular C-loop is critically responsible 
for the high water permeability of PfAQP. Alteration of glu125 to serine greatly reduces water 
but not glycerol permeability. The crystal structure of PfAQP indicates that glu125 anchors the 
C-loop in place by hydrogen bonding with ser200 and thr212 and consequently the neighboring 
trp124 is hydrogen bonded with arg196 in the selectivity filter. Alteration of glu125 to serine 
eliminates the stabilization of the C-loop, which in turn disrupts the hydrogen bonding between 
arg196 and trp124, resulting in increased solvent interaction of arg196 and a higher barrier for 
passage of water. In contrast, the hydroxyl groups of glycerol have lower polarity than these in 
water and are not held back similarly.60

A topology prediction of LmAQP1 based on the crystal structure of PfAQP indicates that 
LmAQP1 consists of six membrane spanning helices and two membrane spanning half-helices 
containing the canonical Asn-Pro-Ala (NPA) motifs. These helices are connected by five loops 
(A-E). The C-loop of LmAQP1 is slightly longer than PfAQP and has three glutamates at posi-
tions 143, 145 and 152; glu152 being at the homologous position to glu125 of PfAQP. arg230 
(homologous to arg196 of PfAQP) forms part of the selectivity filter and alteration of this residue 
severely affects the transport property of LmAQP1.55 The other residues that are hydrogen bonded 
to glu125 and arg196 of PfAQP are not conserved in LmAQP1. We have shown that while 
glu143 and glu145 have no role in LmAQP1 activity, alteration of glu152 to alanine selectively 
abrogates metalloid permeability but does not affect glycerol transport. We also demonstrated that 
glu152 is critical for the physiological response of Leishmania to osmotic stress conditions.61 Our 
experiments indicate that the transport chemistry of metalloid and glycerol might follow distinct 
mechanisms as glu152 in LmAQP1 is critical for metalloid but not glycerol transport. The crystal 
structure of PfAQP indicates that alteration of glu125 (homologous to glu152 of LmAQP1) 
disrupts the hydrogen bonding network around arg196 in the selectivity filter, which results in a 
higher desolvation penalty for the passage of water.60 Very likely, alteration of glu152 of LmAQP1 
to alanine interferes with the hydrogen bonding of arg230 (homologous to arg196 of PfAQP1), 
which presents a higher energy barrier to the passage of metalloids. To the best of our knowledge, 
this is the first report on the molecular dissection of metalloid and glycerol permeability by a single 
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mutation in an aquaglyceroporin. It is tempting to speculate that this might form the basis of a 
novel pathway of drug resistance, as Leishmania may develop suitable mutations that selectively 
block the transport of metalloids, but allow the uptake of physiological substrates. This hypothesis 
needs to be tested on drug-resistant field isolates.

Our observation that a single mutation affects metalloid but not glycerol transport in an 
aquaglyceroporin may have wider ramifications, especially in the development of As resistant crops. 
In several regions of the globe, cultivation in As-rich soil and irrigation with As-contaminated 
water has led to accumulation of high levels of As in rice, wheat, fruits and vegetables.62 Since 
plant aquaglyceroporins (nodulin26-like intrinsic proteins (NIPs)) appear to be the major routes 
of As(III) uptake into plants,62-65 genetically engineering of NIPs that are permeable to essential 
metalloids such as boron66 and silicon,67 but not to As(III) is a plausible approach towards the 
creation of low As crops.

Therapeutic Modulation of AQP Permeability
The idea to therapeutically modulate AQP function is documented in the literature for as 

long as 10 years.54,70-74 It is thought that inhibition of AQPs may provide a novel regime in the 
treatment of certain diseases and pathophysiological situations. Currently, the focus is mainly 
on inhibition of water permeability in the human kidney, the eye, the inner ear and the brain. 
Respective drugs may be used to treat (i) the state of hyponatraemia by releasing water from the 
body whereas sodium is retained and, thus, becomes concentrated back to a normal level (drug 
targets: kidney AQP1 and AQP2),75 (ii) glaucoma to reduce the pressure in the ocular bulb 
(target: eye AQP1),76 (iii) Ménière’s disease to control pressure in the endolymph compartment 
of the inner ear; dysregulation results in vertigo attacks and hearing loss due to the irreparable 
damage of sensory hair cells (target: inner ear AQP1 and AQP2 in the endolymphatic sac and the 
stria vascularis)77,78 and (iv) acute brain edema as derived from the apparent resistance of AQP4 
knockout mice against brain swelling after water intoxication or focal ischemia (target: astroglial 
AQP4 at the blood-brain barrier).79 Novel findings relate AQPs to cell motility;80 thus, inhibition 
may be beneficial in the treatment of certain forms of cancer by blocking metastasis and invasion 
of healthy tissue. With regard to aquaglyceroporins and metalloid transport it can be envisioned 
that inhibition of respective AQPs may enhance the susceptibility of targeted cells, e.g., cancer cells 
to As(V) or Sb(V) treatment by blocking an important As(III)/Sb(III) detoxification pathway. In 
the case of protozoan parasites blockage of aquaglyceroporins should interfere with metabolism 
because exchange of the biosynthetic precurser glycerol and of the metabolic waste product am-
monia will be impaired. However, a breakthrough in terms of identification of lead structures for 
the design of small molecules that specifically inhibit AQPs has yet to be reached.

The first and probably only true AQP inhibitor still today is mercury in form of the diva-
lent cation (Hg2+) and as organic mercurial, e.g., p-hydroxymercuribenzoate (pHMB).81 Yet, 
intolerable toxicity precludes mercury from usage as a therapeutic except in severe cases as the 
aforementioned form of leukemia. Its general toxocity is due to the highly unspecific mode of 
action because mercury binds to accessible cysteine sulfhydryl groups of many proteins. Several 
AQPs contain a cysteine at the channel entry and complexation with mercury occludes the 
pore.82 In fact, in 1992 the finding that the newly cloned AQP1 was inhibited by mercury was 
major evidence that the long-sought water channel was finally identified.83 Besides unexplained 
high water permeability of certain epithelia at low Arrhenius activation energy, it had been 
mercury-inhibition that suggested a proteinaceous water pore in cell membranes. Other cations, 
i.e., silver (Ag+) and gold (Au+) can also form complexes with pore cysteines in AQPs and block 
water and solute permeability.84 The latter metals cannot be expected to be more specific for 
AQP inhibition than mercury.

Metal ions as AQP inhibitors are of interest only in the setting of a research lab or for toxicol-
ogy studies. In this regard it was further found that nickel and copper inhibit human AQP3 in the 
lung and in red blood cells.85,86 AQP3 is an aquaglyceroporin with intermediate water and high 
glycerol permeability. If inhaled, nickel blocks AQP3 in the apical membranes of the lung epithelial 
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cells; the situation is worsened at acidic pH. Inhibition of AQP3 is made responsible for defective 
water clearance in nickel-induced lung disease.85 Copper is a trace element in human physiology 
but after intoxication with higher copper amounts or under certain pathological conditions, such 
as Wilson disease, copper blood levels rise and can then block AQP3, e.g., in red blood cells.86 
The binding site in AQP3 for nickel and copper is not the cysteine discussed above but involves 
a histidine residue at the extracellular side of the pore.

Specificity cannot be obtained from single atom ions that bind to a protein. Instead, organic 
molecules are needed, which interact with several sites in a binding pocket of the protein via elec-
trostatic attraction, hydrogen bonds or lipophilic contact areas. Thinking towards drugs, proper 
binding constants and specificity are a must. However, further parameters need to comply with 
pharmaceutical needs, such as sufficient lipophilicity in order to allow for efficient resorption of 
the compound or metabolic stability in order to reach a suitable half-life. The development of 
AQP inhibitors has not yet taken the first hurdle, i.e., finding a potent candidate. Current test 
compounds inhibit AQPs when applied in the high micromolar or even millimolar concentra-
tion range. Further, full inhibition has not been achieved; the most effective compounds reduce 
permeability down to 50-70%. Also, none of the candidates is specific for AQPs.

Positively charged tetraethylammonium (TEA) a known open channel blocker of potassium 
channels87 and TEA derivatives with longer alkyl side chains were reported to inhibit AQPs. In the 
used concentration range of 0.1-10 mM, TEA reduced water permeability to about 60%.88,89 Amino 
acid residues in the extracellular loops A and E of AQP1 were identified to contribute to TEA inhibi-
tion by site-directed mutagenesis. Exchange of tyr186 in loop E for a phenylalanine abolished the 
TEA effect88 as well as mutations of A-loop asparagine 42 or threonine 44 to alanine.89 Molecular 
dynamics simulations showed binding of TEA to mainly the latter two residues and negatively 
charged side chains of two extracellular aspartates.89 Notably, the efficacy of TEA seems to strongly 
depend on the test system used for the permeability assay, i.e., Xenopus oocytes,88,89 cultured human 
cells90 and yeast.91 In the yeast system no inhibition of AQP1 by TEA was detectable at all. A poten-
tial reason could be differences or even absence of AQP glycosylation in cells from various species. 
When expressed in yeast, AQP1 is not glycosylated.91 It is noteworthy that the two residues which 
are required for TEA inhibition of AQP1 comprise the N-glycosylation site asp42 and a residue of 
the N-X-S/T glycosylation motif, i.e., thr44.92 Another coincidence is that only about 50% of the 
native AQP1 protein becomes glycosylated,93 a number that fits very well with the maximal inhibi-
tion effect. Two other reports challenge the findings of AQP1 inhibition by TEA. One study was 
carried out in Xenopus oocytes expressing human AQP194 the other one with native human and 
mouse erythrocytes as well as rat epithelial cells in culture that all express AQP1 endogenously.95 
In these setups TEA up to 10 mM did not inhibit AQP1. Both references further cannot confirm 
data for another AQP inhibitor candidate, i.e., acetazolamide, a carbonic anhydrase inhibitor, which 
was earlier reported to block AQP1 water permeability.96 These inconsistencies show that TEA and 
acetazolamide must be regarded as weak AQP1 inhibitors at best. Finally, two recent studies with 
Xenopus ooctyes provide evidence that arylsulfonamides and antiepileptic drugs, such as topiramate 
and oxcarbazepine, inhibit human AQP4 with IC50 values around 10 �M, a concentration that can 
indeed be established in the plasma.97,98 As with TEA, inhibition was not complete and reached 
only 30-70%. Again, this study is challenged by another group which cannot confirm inhibition of 
AQP1 by the respective compounds.99

Why is it so difficult to find good AQP inhibitors? The challenge most likely lies in the typical 
protein structure of water-specific channels with their narrow 2.8 Å pore constriction (Fig. 2, left 
panels).100 This site can only be entered by water molecules, H2O, which perfectly fit the diameter 
of the constriction; some AQPs do also pass ammonia next to water. Organic molecules, however, 
cannot enter the channel region due to their larger size.101 With regard to the design of an inhibi-
tor molecule this is a major problem because the compound can only bind to domains outside 
of the actual channel. Figure 2 shows the outer vestibule of the water-specific AQP1 (upper left 
panel). It is rather shallow and very much exposed to the solvent as seen by the heavy decoration 
with water molecules (red spheres). An inhibitor molecule would have to compete with water for 
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the mainly polar binding sites. Taking into account the overwhelming difference in abundance 
of the competing molecules, i.e., 55 molar concentration of water vs micro- or better nanomolar 
concentrations of a potent inhibitor molecule, the problem becomes evident. The inhibitor must 
bind stronger to the protein by more than six orders of magnitude.

The situation appears somewhat more promising when looking at aquaglyceroporins includ-
ing metalloid conducting AQPs. These channels have pore constrictions that are wide enough to 
accommodate organic molecules, such as formamide, urea, glycerol and longer polyols, as well as 
the carbonyl compounds dihydroxyacetone and methylglyoxal.102 Further, the outer vestibule is 
usually deeper, less occupied by water molecules and has binding sites for glycerol. Figure 2 (right 
panels) shows the vestibule and pore constriction of the Plasmodium falciparum aquaglyceroporin 
as an example.58,60 The crystal structure depicts glycerol molecules that are bound to the vestibule 
(green in Fig. 2) as well as glycerol inside the channel. Under physiological conditions, glycerol 
concentration ranges between 30-90 �M in human blood.103 Despite being quite flat the gradi-
ent between the extra- and the intracellular space maintains a flux of glycerol from fatty tissue via 
AQP7 into liver cells for gluconeogenesis via AQP9.104,105 The intracellular malaria parasite also 
takes up glycerol from the host blood via red cell AQP3 and its endogenous PfAQP and uses it as 
a precursor for lipid synthesis.106 These examples show that aquaglyceroporins efficiently bind and 
capture glycerol molecules already at micromolar concentrations. If an inhibitor molecule can be 
designed to interact with the binding sites of two or three glycerol molecules in the AQP vestibule 
or even occupies sites in the channel pore it is thinkable that the binding constant will be in the 
desired low micromolar if not nanomolar range. Blockage of protozoan aquaglyceroporins should 

Figure 2. The extracellular vestibules of mammalian water-specific AQP1 (left panels)100 and the 
water, solute and metalloid channel PfAQP from the malaria parasite Plasmodium falciparum 
(right panels).60 Shown are top views as seen from the extracellular side (top) and side views of a 
section along the channel axis (bottom). The aquaporin surface is drawn in gray and water as well 
as glycerol molecules that were bound to the crystallized proteins are labeled in red and green, 
respectively. The blue arrows mark the narrowest pore constriction, i.e., the so-called aromatic/
arginine region. Note that the outer vestibules strongly differ between both channels. In AQP1, 
it is rather shallow and stronger exposed to the solvent water whereas in PfAQP the vestibule is 
deeper, more pocketlike and harbors bound glycerol molecules. Also, the pore in AQP1 is too 
narrow to allow organic molecules to enter; the PfAQP structure in turn holds a glycerol right at the 
constriction site. A color version of this image is available at www.landesbioscience.com/curie.
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directly harm the parasite by depriving it of precursor molecules for biosynthesis, e.g., glycerol,58 
or by obstructing release of metabolic waste products, e.g., cytotoxic ammonia.107 In this regard, a 
knockout strain of the murine malaria parasite Plasmodium berghei is vital despite lacking its single 
aquaglyceroporin gene but has a growth rate of only 50% compared to wild-type parasites.108

Conclusion
Together, aquaporin-facilitated metalloid transport touches human physiology in several ways: 

uptake of environmental metalloids with toxicological potential, treatment of certain forms of leu-
kemia and chemotherapy of diseases caused by pathogenic protozoa. Deepening the knowledge of 
the underlying mechanisms is worthwhile and may in fact lead to novel therapeutic possibilities.
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Abstract

Aquaporins are important channel proteins that are responsible for the balance of cellular 
osmolarity and nutrient transport in vertebrates. Recently, new functions of these ancient 
channels have been found in the conduction of metalloid arsenic (As). Chronic As ex-

posure through contaminated water and food sources is associated with multiple human diseases 
and endangers millions of people’s health worldwide. Therefore, identification of the As transport 
pathways is necessary to elucidate the mechanisms of As carcinogenesis. Arsenic detoxification 
systems have been studied in multiple vertebrates such as mammalian mouse, rat, humans and 
nonmammalian vertebrates. Multiple transporters and enzymes have been shown to be involved in 
As translocation and cellular transformation. In these vertebrates, members of aquaglyceroporins, 
which include AQP7 in kidney and AQP9 in liver, catalyze uptake of inorganic trivalent arsenite 
[As(III)]. AQP9, the major liver aquaglyceroporin, conducts both inorganic As(III) and organic 
monomethylarsonous acid [MMA(III)], an intermediate that is generated during the cellular 
methylation. As a channel that facilitates a downhill movement of substances dependent on the 
concentration gradient, AQP9 may play an important role in the simultaneous influx of inorganic 
As(III) from blood to liver and efflux of As metabolite MMA(III) from liver to blood. In this 
chapter, we will discuss the function of aquaglyceroporins of vertebrates in uptake and detoxifica-
tion of the metalloid As.

Introduction
Metalloid arsenic (As) contamination became an international public health issue several de-

cades ago, when As-associated diseases became epidemic in some countries. Therefore, researchers 
have studied the pathways involved in As transport and cellular metabolism. Arsenic uptake is the 
first step, followed by other cellular transformation processes. Generally speaking, uptake is the 
rate-limiting step for most of the cellular metabolic pathways. The first uptake pathway for trivalent 
arsenite [As(III)] was identified in 2002, when it was shown that members of the aquaglyceroporin 
protein family are also efficient As transporters. Here, we summarize the properties of aquaglycer-
oporins, the relationship to As exposure and human health as well as the molecular mechanisms 
of As transport, with emphasis on the evolutionary and physiological significance of the metalloid 
uptake by these water channel proteins.

Expression of Vertebrate Aquaglyceroporins
The first water channel AQP1 was identified in human erythrocytes in 1992.1 Since then, 

additional members in this family were identified in different tissues. In human, 13 aquaporins 
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have been identified.2 A subfamily of isoforms which shares relatively lower sequence similarities 
with orthodox aquaporins was also discovered and members were termed aquaglyceroporins. 
This subfamily can translocate larger aliphatic alcohol molecules such as glycerol. Four out of 
13 human aquaporins, AQP3, AQP7, AQP9 and AQP10, are aquaglyceroporins and they share 
37-45% sequence identity with each other. These channels have different expression patterns in 
a wide range of tissues. AQP3 is detected in skin, kidney, testis and erythrocytes.3 AQP7 was 
initially cloned from rat testis4 and later was found in adipose tissue, heart and kidney.5 Both rat 
and human AQP9 is abundantly expressed in liver.6 In contrast with rat, human AQP9 is also 
expressed in peripheral leukocytes and in tissues that accumulate leukocytes, such as lung, spleen 
and bone marrow.7 Studies also found that human AQP9 is present in duodenum, jejunum and 
ileum as well as in brain astrocyte.8,9 AQP10 is expressed in human duodenum and jejunum.10 Based 
on these studies, the expression patterns of these members in different mammals are consistent 
but have some variability. In zebrafish (Danio rerio), as many as seven aquaglyceroporins have 
been assigned (http://www.ncbi.nlm.nih.gov) which have evolved through gene duplications. 
They share high sequence similarities (in the range of 72-81%) with the corresponding human 
members. Of these, Aqp3 is the only member to be functionally studied.11 A phylogenetic tree is 
provided here to indicate the sequence homogeneity of four aquaglyceroporins within different 
vertebrate species, including different mammals, African frog (Xenopus) and zebrafish (Danio 
rerio), as shown in Figure 1.

Figure 1. Phylogenetic tree of vertebrate aquaglyceroporins. The sequences of vertebrate 
aquaglyceroporins were obtained from NCBI. The alignment was performed using ClustalW 
and the tree was plotted by Treeview Ver1.6.6.
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Since glycerol, a substrate of aquaglyceroporins, is a key component of two-thirds of all phos-
pholipids as well as an important metabolite, these channel proteins play important roles in the 
tissues where they are expressed. For example, AQP7 is an adipose isoform that releases glycerol 
into the blood stream during lipolysis, whereas AQP9 is a liver isoform that is responsible for 
the uptake of glycerol.12,13 The interplay of these two AQPs is critical for gluconeogenesis during 
starvation.14

Although these four mammalian aquaglyceroporins all transport glycerol at a variable 
amount, they can also take up other substrates. AQP9 seems to be the channel with the broadest 
substrate specificity. It facilitates many noncharged substrates including carbamides, polyols, 
purines and pyrimidines.15 However, the water permeation via AQP9 is quite limited.14 AQP3, 
AQP7 and AQP10 can transport water, glycerol and urea.4,10,16 All of these aquaglyceroporins 
are able to exclude ions such as hydroxide, hydronium and protons from conductance through 
the channel.17

Importantly, in addition to their physiological roles in nutrient transport, aquaglyceroporins 
have been shown to facilitate the uptake of the trivalent metalloids As(III) and antimonite [Sb(III)] 
which in neutral solution mimic glycerol.18 We will discuss these capacities in details below.

Arsenic Is Both an Environmental Toxin and Human Carcinogen
Arsenic is unevenly distributed geochemically worldwide and an elevated exposure level can 

endanger human health. The major source of human As exposure is drinking water. In water, in-
organic As usually has two oxidation states, trivalent As(III) and pentavalent arsenate [As(V)].19 
As(V) is less toxic than As(III). As(V) usually gets reduced to As(III) in the cytosol of cells.20,21 
The release of As into the aquatic environment is mainly from geochemical sources. However an-
thropogenic activities, such as the mining and wood processing industries can also lead to regional 
As contamination.22 Under these circumstances, the As concentration in water can reach high 
levels. Chronic As poisoning via drinking water has been reported in many countries including 
Bangladesh, India, China, Chile and the United States,23,24 where As in water exceeds the safety 
limit in many localities. For example, in Bangladesh, over 46 million people drink As-contaminated 
water that contains as much as 1000-fold more As than the World Health Organization (WHO) 
and U.S. Environmental Protection Agency (EPA) limit of 10 ppb.25,26 The As contamination in 
Bangladesh has been described as “the largest poisoning of a population in history”.27 The expo-
sure of As is associated with many human diseases including cancerous diseases such as skin and 
bladder cancers and noncancerous diseases such as hyperpigmentation, cardiovascular diseases 
and diabetes,28,29 indicating As has no single tissue target. For these reasons, As is classified as the 
most potent human carcinogen and listed as the number one toxic substance on the superfund 
list (http://www.atsdr.cdc.gov/cercla/07list.html).

Although drinking water is the major source of human As exposure, also food, especially seafood 
contributes to As intake. Commercial seafood, including multiple species of fish, clams, crabs and 
shrimp, contain much higher concentrations of As than terrestrial animals. Fortunately, most of 
the As in seafood is in the form of organic arsenobetaine (around 80-95%) along with small por-
tions of other organic As species such as arsenocholine and arsenolipids.30 These organic species 
are usually not toxic; possibly because of their inability of binding enzymes. However, humans 
may metabolize them to other As compounds, some of which are toxic.31,32 Consumption of fish 
containing nontoxic As compounds may not be harmful to human health in the short-term.33,34 
However, consumption of fish from polluted aquatic environments may be harmful to human 
health. The safety of these fish for human consumption should therefore be re-evaluated.

Another source of As exposure is rice, a grain on which a large portion of the world population 
depends on as a staple food. Rice grown in some areas is found to contain multiple species of organic 
As along with inorganic As,35 which all have different levels of toxicity. In addition, organic As ad-
ditives are currently applied in modern feeding industries. For example, the Nitarsone is well used 
as a feed additive in poultry industry. The organic As is thereafter ingested by human. However, 
the toxicity and metabolism of many different organic As compounds are not well studied. No 
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detailed regulations have been made for food As safety worldwide. More investigations are needed 
to evaluate the safety of these As species in food.

Although As is an environmental toxin and human carcinogen, the mechanisms by which As 
induces so many different diseases are not well understood. In recent decades, researchers have at-
tempted to understand As carcinogenesis using animal models, including rodents (rats and mice) 
and larger mammals, such as beagles and monkeys. Transgenic animals were also used to test the 
carcinogenic effect of arsenicals. In most cases, these models had failed to satisfactorily mimic 
the actual mechanism of As carcinogenicity.36 Additional animal models can be an asset for the 
further elucidation of As carcinogenesis. We are currently using zebrafish as a new model system 
to study As detoxification. More importantly, to further understand As-induced multiple diseases, 
the biochemical processes involved in As uptake, efflux and cellular transformations need to be 
elucidated. Recently, much effort has been made to identify the enzymes that are involved in As 
detoxification processes. One major finding is the identification of As uptake transporters, which 
is the very first step that is directly related to As cellular accumulation and toxicity.

Uptake of Organic and Inorganic Arsenic via Aquaglyceroporins
Two inorganic As species exist in ground water at variable ratios, As(III) and As(V). As(III) is 

the more toxic form.37 Trivalent As(III), with a pKa of 9.2, is taken up as the neutral hydroxylated 
species As(III).

37 We have demonstrated that trivalent As(III) is taken up by aquaglyceroporins in 
prokaryotes and eukaryotes. GlpF, the only aquaglyceroporin in E. coli, was shown to be the major 
channel to facilitate inorganic As(III) uptake.38 Given to the high sequence similarities between 
prokaryotic aquaglyceroporins and eukaryotic homologues, the function of four mammalian 
aquaglyceroporins in As transport have been studied. To study the ability of As(III) transport, 
rat AQP9 was overexpressed in a yeast strain, HD9, with all As(III) transporters (fps1, ycf1 and 
acr3) being deleted. This yeast is phenotypically more sensitive to As(III) and Sb(III) compared 
with the control yeast which contains the vector only. In addition, the yeast expressing AQP9 
showed efficient As(III) transport in a time-dependent manner while the control yeast exhibited 
no change above basal level of As(III) uptake. Together these data indicate that rat AQP9 is a 
channel protein that conducts transport of inorganic trivalent As(III).

Unfortunately, not all mammalian aquaglyceroporins can be expressed in yeast. To under-
stand their function in the metalloid transport, a Xenopus oocyte expression system was used. 
In this system, mRNA is injected into Phase IV to V oocytes. Xenopus oocytes have totally ten 
developmental phases, from Phase I to X. Oocytes at Phase IV and V contain all the machinery 
necessary for protein synthesis and the protein product is then easily synthesized and maturated. 
This expression system is currently the most popular system to study channel proteins, including 
neutral molecular channels and ion channels.39 Four human aquaporins, AQP3, AQP7, AQP9 
and AQP10 were studied by injecting their mRNA into oocytes.40 The results showed that AQP7 
and AQP9 are able to facilitate As(III) uptake efficiently (about 5 fold and 25 fold increases in 
transport, respectively) while AQP3 showed only limited ability to transport As(III) (about a two 
fold increase in transport). AQP10 does not conduct As(III) above basal level (Fig. 2). In sum-
mary, we have demonstrated that AQP7 from mouse and human (primarily expressed in adipose 
and kidney) and AQP9 from rat and human (primarily expressed in the liver and testis) facilitate 
As(III) uptake.41 Liver isoform AQP9 from both rat and human exhibited a much higher efficiency 
for As(III) transport than AQP7. This observation is consistent with the fact that As is largely 
accumulated in liver in many different mammals including human.

Arsenic is metabolized using several cellular pathways. The major enzymatic reaction in As 
metabolism is As methylation. Elucidation of these metabolic pathways began in the 19th century 
with studies in microorganisms. Data indicated that As(III) is methylated into various species in a 
series of steps, producing organic mono-, di- and even tri-methylated As species, such as MMA(III) 
(monomethylarsonous acid), MMA(V) (monomethylarsonic acid), DMA(III) (dimethylarson-
ous acid), DMA(V) (dimethylarsonic acid) or trimethylarsin oxide (TMAO).42 Some (but not 
all) mammals, including humans, methylate inorganic As and excrete the methylated species, 
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predominantly DMA(V), in urine.43 In early studies, As methylation was originally thought to be 
considered a detoxification process. However, the in vivo toxicity of inorganic and organic arsenicals is  
DMA(III)�MMA(III)�As(III)�As(V)�DMA(V)�MMA(V)�TMAO,44 which means trivalent 
MMA(III) and DMA(III) are more toxic than inorganic As(V) or As(III).45,46 Pentavalent DMA(V) 
and TMAO are approximately a hundred-fold and a thousand-fold less toxic than As(III), respec-
tively.47 Since methylation of inorganic As activates it to more reactive and toxic forms, elucidating 
the transport pathway for As methylation products is a topic of considerable importance.

Given to the probable structural similarity between As(III) and MMA(III), it is likely that 
MMA(III) also has a neutral hydroxylated structure of CH3As(OH)2. Therefore it is reasonable to 
study the MMA(III) transport via aquaglyceroporins. The function of AQP9 in the conduction of 
MMA(III) has been studied in a yeast expression system. In yeast expressing rat AQP9, MMA(III) 
has been shown to be facilitated more efficiently than As(III). Our results have shown that AQP9 
can facilitate MMA(III) transport at a rate three times that of inorganic As(III) and as a result, 
the AQP9 expressing yeast is more sensitive to MMA(III) than to As(III).48 Consistent with its 
toxicity level in yeast, MMA(III) was shown to be more toxic in human than inorganic As(III), 
probably because of the higher uptake efficiency via aquaglyceroporins.

What is the physiological significance of AQP9’s conductivity for both inorganic As and 
its cellular metabolite? Since AQP9 is a bi-directional channel it can mediate both the influx 
and efflux of its substrates. This has been demonstrated in our lab using a rat hepatoma cell line 
MCA7777 which expresses AQP9 (unpublished data). Therefore, we hypothesized that AQP9 
is the major uptake pathway for inorganic As(III) originating from water or food into liver, the 
site of As methylation. AQP9 then conducts one of the methylation products, MMA(III), into 
the blood stream, where it is then carried to other tissues and eventually to the kidney for excre-
tion into the urine.48 The whole process is illustrated in Figure 3. According to this hypothesis, 
AQP9 can serve both functions, accumulation and detoxification, making AQP9 a key target in 
As homeostasis in human.

Recently, we studied the metalloid uptake by zebrafish aquaglyceroporins. Zebrafish have a 
large family of aquaporins that includes at least seven members of orthodox aquaporins and seven 

Figure 2. 73As(III) permeability in Xenopus oocytes expressing human AQP3, AQP7, AQP9 
and AQP10. Oocyte transport of 73As(III) was assayed for 90 seconds. Each bar represents the 
average of three assays. From left to right, oocytes were injected with H2O, hAQP3 cRNA, 
hAQP7 cRNA, hAQP9 cRNA and hAQP10 cRNA. Reproduced with permission from Liu Z 
et al. Biochem Biophys Res Commun 2004; 316(4):1178-1185;40 ©2004 Elsevier.40
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members of aquaglyceroporins. They all share high sequence similarity with human homologues, 
some of which are included in the phylogenetic tree in Figure 1. These channel proteins are be-
lieved to play significant roles in osmolarity balance and cold tolerance. However, they may also 
participate in metalloid As accumulation, as fish are well known and efficient accumulators for 
multiple metals and metalloids. Recently, we examined the capacity of zebrafish aquaglyceroporins 
for metalloid uptake. Five out of the seven aquaglyceroporins, Aqp9a, Aqp9b, Aqp3, Aqp3l and 
Aqp10 all conduct transport of both As(III) and MMA(III). Two proteins, Aqp3l and Aqp9b 
transport MMA(III) at tenfold higher efficiency than they transport As(III) (unpublished data). 
These aquaglyceroporins are expressed in varieties of organs and tissues, which explains the extensive 
As retention in fish (unpublished data). Furthermore, the expression patterns of these zebrafish 
channels differ from that of human channels (unpublished data); suggesting the divergent evolu-
tion has made mammalian AQPs more tissue-specific and less redundant compared with lower 
vertebrates. The differential expression of these zebrafish AQPs may account for the extensive 
accumulation of As in a variety of different organs.

As(V) is transported into cells via a different type of pathway than As(III). At physiological 
pH, pentavalent As(V) is negatively charged. Since As(V) is an analogue of phosphate and is an 
oxyanion, it is taken up via phosphate transporters in microorganisms. In E. coli, two phosphate 
transporters, Pit and Pst, catalyze uptake of As(V).49 In eukaryotic microbes such as S. cerevisiae, 
As(V) is also taken up by phosphate transporters, although these transporters are unrelated to 
the phosphate transporters in bacterial systems.50 In mammals, some Na+/Pi-cotransporters 
facilitate phosphate in an As(V) sensitive manner, suggesting that they might use As(V) as a 
substrate.51,52 Recently, rat Type II phosphate transporters were shown to transport As(V) in 
an oocyte expression system.53

Based on the observations of As(III) uptake by aquaglyceroporins from different vertebrate 
species, it is obvious that the family of aquaglyceroporins plays important roles in metalloid 

Figure 3. Proposed pathways of trivalent As transport in liver. Abbreviations: GSH: glutathione; 
SAM: S-adenosylmethionine. Trivalent As in the form of As(III) flows down a concentration 
gradient from blood into hepatocytes through AQP9, which is the major aquaglyceroporin in 
liver.14 In the cytosol of the hepatocyte, As(III) can be either glutathionylated or methylated 
to MMA(V), which is reduced to MMA(III) (CH3As(OH)2). As(GS)3 is pumped into bile by 
the MRP2 and perhaps by other members of the ABC superfamily of ATPases. Alternatively, 
As(III) can be methylated and reduced to MMA(III), which then flows down its concentration 
gradient via AQP9 into blood. Reproduced with permission from Liu Z et al. Environ Health 
Perspect 2006; 114(4):527-31.48
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translocation in addition to its role in water balance and nutrient transport. What is the 
evolutionary significance of the As uptake by these nutrition channel proteins? Phylogenetic 
studies using a variety of MIP proteins indicate that there is a distinct and early separation of 
aquaporin and aquaglyceroporins. It is hypothesized that the evolution of three mammalian 
aquaglyceroporins (AQP3, AQP7 and AQP9) and other aquaporins may reflect the two genomic 
duplication events in vertebrates.54 Arsenic is not required by living organisms and its transport 
may not have played a significant role in the evolution of aquaglyceroporins. Arsenic existed in 
the environment before the appearance of any known life form and has not been shown to be 
a dietary requirement. Therefore, it is unlikely that the aquaglyceroporins evolved to transport 
As to positively influence organismal survival rates. Instead, we suggest that because As(III) is 
a molecular mimic of glycerol it is accidentally taken up by family of aquaglyceroporins. On 
another hand, as channels that conduct transport dependent on concentration gradient, it is 
possible that when intracellular As concentration is higher, aquaglyceroporins may facilitate the 
efflux of As, making the channel play a positive role in As detoxification.

Molecular Mechanisms for Arsenic Translocation 
by Aquaglyceroporins

The three dimensional structures of several orthodox aquaporins including human aquaporin 
AQP1 and E. coli aquaglyceroporin GlpF have been solved using crystallographic and biochemical 
methods and their translocation properties for water and glycerol were studied.55 These channels 
share some common structural properties. First, they are homotetramers of four distinct water 
channels. Each monomer consists of six transmembrane alpha-helical domains with cytoplasmically 
orientated amino and carboxyl termini. Second, their pores are lined by far fewer carbonyl groups 
which provides less efficient dehydration for ionic solutions while possibly optimizing rapid water 
permeation. Third, two asparagine-proline-alanine (NPA) signature motifs are located within two 
highly conserved loop domains which fold back and meet in the center of the channel. These NPA 
motifs seem to act as filters, one imposing size restrictions and the second creating an electrostatic field 
that forms an energy barrier to protons and ions. In addition, the narrowest part, which is gated by 
an arginine residue that immediately follows the second NPA motif and several other hydrophobic 
residues, imposes a severe restriction so that only one water molecule may pass through the channel 
at a given time. In comparing the structures of aquaporins and aquaglyceroporins, it is clear that they 
have different pore diameters. The narrowest part of the pore is gated by a positive charged arginine 
(arg195 in AQP1 and arg206 in GlpF) and its surrounding hydrophobic region. A substantially 
larger diameter is observed in GlpF when compared with AQP1.55 Theoretically, the orthodox water 
channel can not permeate larger molecules such as As and glycerol due to size exclusion. However, 
the aquaglyceroporins, which have a larger pore diameter, do not always transport water efficiently. 
Other molecular mechanisms that are involved in the selectivity for water and glycerol in aquaporins 
and aquaglyceroporins have been investigated.56 A small structural change can lead to the transport of 
different substrates. For example, the water permeation efficiency for human AQP9 is rather limited. 
It is reported that mutation of two very conserved residues (Y222P/W223L) in an insect aquaporin 
(AQPcic) can switch the channel selectivity from water to glycerol.57

Since the diffusion of As(III) is facilitated by aquaglyceroporins by mimicking glycerol molecules, 
the translocation mechanisms for these substrates must have shared common features. The molecular 
mechanisms that are involved in the As selectivity via aquaglyceroporins are not fully clear yet. The 
studies using rat AQP9 showed that the positive charged arg219 that forms the narrowest part of the 
pore plays critical roles in the translocation of glycerol, As(III) and MMA(III). A mutation of R219A 
can lead to the drastic decrease of both glycerol and arsenical transport. However, the mutation of 
R219K imposed no impact on the channel function, which indicates that a charged residue at the 
respective position is critical for proper channel function.48 Meanwhile, the positive charge of arginine 
also serves as a filter for ions, making this residue an important site for multiple purposes.58

Even though these substrates permeate through the same channel in aquaglyceroporins, the 
transport for inorganic As(III), organic MMA(III) and glycerol by different aquaglyceroporins is 
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expected to share some minor differences. This has been supported by many observations. First, not 
all aquaglyceroporins can transport As(III). For example, human AQP10, a channel that transports 
glycerol, cannot conduct trivalent As(III) according to our study in a Xenopus oocyte system.40 In 
addition, the transport efficiency for glycerol and As(III) is not proportional; showing the translo-
cation mechanism for these substrates is not exactly the same. Second, some aquaglyceroporins can 
discriminate between inorganic As(III) and MMA(III), two molecules that have similar conforma-
tional structure. With a methyl group which replaces a hydroxyl group, MMA(III) is expected to be 
larger than As(III). Our studies showed that GlpF from E. coli and FPS1 from yeast can transport 
As(III) but not MMA(III). However, AQP9 conducts MMA(III) at a much higher efficiency 
than As(III).48 Recently, a research indicate that a single mutation in extracellular loop of parasite 
Leishmania aquaglyceroporin can discriminate metalloid and glycerol permeation, showing the dif-
ferences of molecular mechanisms of these substrate transport (see also the chapter by Mukhopadhyay 
and Beitz in this book).59

Although aquaglyceroporins can transport both organic polyols and inorganic As(III), it is not 
clear if these substrates can inhibit each other. Since they may compete for the same initial binding 
and translocation sites, it is expected that they will be inhibited by each other. On the other hand, 
aquaglyceroporins are channel proteins, therefore the binding of the substrates will be transient and 
the inhibition is not expected to be competitive. So we predict that the transport rate is proportional 
to the concentration of each substrate.

By molecular mimicry of their natural substrate glycerol, As can be recognized and transported 
by aquaglyceroporins. The elegant structure of the channels enables an efficient transport for these 
different substrates. On the other hand, the differential transport for a variety of substrates can be 
achieved by changes in the pore size, as well as other secondary forces, such as hydrophobic forces 
and hydrogen bond.

Arsenic Toxicity in Relation of Aquaglyceroporins Regulation
Although As(III) may have more than one uptake pathway, aquaglyceroporins are efficient As 

transport channels and likely to be responsible for the majority of As(III) uptake in mammalian 
tissues that express these proteins. Therefore, one would expect that the expression level of these 
channels will directly correlate to As cellular retention and toxicity. Does environmental As regu-
late the expression of the aquaglyceroporin channels? There is no direct evidence to show that the 
expression level of aquaglyceroporins can be regulated by metalloid As. In an As-resistant human 
lung adenocarcinoma cell line R15, AQP3 was expressed two fold lower.60 Microarray studies 
using As(III) treated mammalian cells such as human lymphoblasts,61 animal tissues such as mu-
rine liver62,63 and murine skin63 did not locate the expressional changes of any aquaglyceroporins. 
However, a comprehensive study is still needed to clarify if aquaglyceroporins are regulated by 
other As compounds with different exposure levels. More vertebrate organs or cells also need to 
be examined.

As channels evolved for the transport of nutrition, aquaglyceroporins can be regulated under 
different nutritional conditions. For example, with poor nutritional conditions, such as starvation, 
the rat liver takes up glycerol for gluconeogenesis. Expression of AQP9 in liver was induced up to 
20-fold in rats fasted for 24-96 hours.14 Thus it is reasonable to conclude that the different nutri-
tion levels of individual humans will affect the As accumulation specifically through the regulation 
of the expression of liver aquaglyceroporin AQP9. Poor nutritional states such as starvation may 
increase the AQP9 expression and therefore increase the As(III) uptake and accumulation in liver. 
In addition, insulin is also found to regulate expression of certain types of aquaglyceroporins, 
such as kidney AQP7 and liver AQP9.64 All of these changes are likely to affect As uptake and 
metabolism indirectly.

In addition, the expression level of aquaglyceroporins is found to be associated with pathologi-
cal states. For example, a study of AQP9 expression in normal human brain tissues and human 
brain tumors indicates an increased AQP9 expression level in tumor border.65 In rat, AQP9 was 
found to be highly expressed in glioma cells, which suggests an upregulation to counteract the 
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glioma-associated lactic acidosis by clearance of glycerol and lactate from the extracellular space.66 
In these abnormal physiological states, it is reasonable to state that the As uptake is increased 
accordingly with an increased expression level of AQP9. Therefore it is reasonable to conclude 
that individuals at different nutritional and pathological status will have different As tolerance 
and carcinogenesis. However, there is a lack of corresponding epidemiological studies to support 
this hypothesis. A more detailed discussion can be found in the chapter by Mukhopadhyay and 
Beitz in this book.

Perspectives
Aquaglyceroporins are the first transporters that have been identified to facilitate the uptake 

of metalloid As(III) and MMA(III) in vertebrates. In addition, aquaglyceroporins are important 
channels for normal cellular function, conducting nutritional molecules such as water, glycerol 
and urea. These multi-task properties highlight the special importance of this family in both 
physiological and toxicological research. In the future, it is expected that their structure, regulation 
and cellular functions in normal physiology and toxin metabolism will be further clarified. These 
studies may provide us with insight into the molecular mechanisms of As transport and toxicity, 
as well as to the complete understanding of As carcinogenesis. The stories of aquaglyceroporins 
will continue.

Conclusion
Multiple aquaglyceroporins(AQPs) from mammals include humans, rodents and fish are able 

to efficiently transport toxic As, including both environmentally occurring inorganic As(III) and 
intracellular generated organic As. The bi-directional transport via AQPs highlights the multiple 
roles of these channels in both As uptake and efflux.
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Abstract

Understanding of the molecular mechanisms of boron (B) transport has been greatly 
advanced in the last decade. BOR1, the first B transporter in living systems, was identified 
by forward genetics using Arabidopsis mutants. Genes similar to BOR1 have been 

reported to share different physiological roles in plants. NIP5;1, a member of aquaporins in 
Arabidopsis, was then identified as a boric acid channel gene responsible for the B uptake into 
roots. NIP6;1, the most similar gene to NIP5;1, encodes a B channel essential for B distribution 
to young leaves. In the present chapter, recent advancement of the understanding of molecular 
mechanisms of B transport and roles of NIP genes are discussed.

Physiological Function of Boron in Plants
Essentiality of Boron in Plants

Essentiality of boron (B) for plants was established more than eighty years ago.1 B requirements 
in animals have also been reported in the last several years. Insufficient B reduces plant produc-
tivity and reduced quality and quantity of agricultural production are reported in more than 70 
countries in the world.2 For example, the southeast region of China, comprising about 15% of 
China’s land, contains soils with less than 0.25 ppm of water-extractable B, a concentration well 
below the threshold for normal plant growth.3

B deficiency affects the newly growing portions of plants rather than the mature tissues: Major 
B deficiency symptoms are the cessation of root elongation, reduced leaf expansion and the loss 
of fertility.4-6 B deficiency seems to affect cell elongation rather than cell division.6 Kouchi and 
Kumazawa observed B deficiency-induced cell swelling in roots and predicted a role of B in cell 
wall structure.7 B deficiency also affects membrane function and metabolic activities.8

In addition, excess B supply is known to be toxic to plants.9 Typical visible symptoms of B toxic-
ity include necrosis of marginal regions of leaves, presumably resulting from B accumulation along 
the transpiration stream. Decreased chlorophyll concentrations, reduced growth and decreased 
CO2 fixation were also reported.

In aqueous solution with neutral pH, B is mostly present as boric acid B(OH)3, a weak 
Lewis acid accepting OH– group to form the borate ion B(OH)4

– (pKa 9.25, B(OH)3+ H2O � 
B(OH)4

– + H+). Boric acid reacts with alcohols to form borate esters in a pH-dependent manner 
and with rapid kinetics.10 Since the most stable borate esters are formed with cis-diols, compounds 
like ribonucleotides are possible binding targets of boric acid.
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Rhamnogalacturonan-II Binds Boron
Under conditions of limited B supply, the major portion of B in tobacco cultured cells,11 squash 

plants12 and A. thaliana plants13 has been found in the cell wall fraction, suggesting that the cell 
wall is the site of B function in cells. Molecular identity of B-binding compounds was reported 
in the late 1990s. First B-polysaccharide complexes were isolated from cell walls of radish roots 
by Matoh et al.14 After the purification steps, which include homogenization, driselase treatment 
and fractionation, a 7.5 kDa B-polysaccharide complex was purified.11 B-NMR analysis of this 
complex indicated the presence of B as tetrahedral 1:2 borate-diol diestel. Kobayashi et al identi-
fied the B-polysaccharides as rhamnogalacturonan (RG)-II by glycosyl-linkage analysis and the 
presence of monosaccharides that are only known to be present in RG-II in the B-polysaccharides 
fraction.15 In addition, removal of B by acid-hydrolysis reduced the molecular weight by one-half 
leading to propose that boric acid links two RG-II molecules. Ishii and Matsunaga also reported 
B-polysaccharide from cell walls of sugar beet as RG-II.16

Dimeric RG-II-B (dRG-II-B) was shown to form in vitro in the presence of boric acid, from 
monomeric RG-II (mRG-II) isolated from red wine.17,18 Comparison of glycosyl linkage composi-
tion between mRG-II and dRG-II-B formed from mRG-II in vitro, revealed that 1-2,3,3- linked 
apiosyl residue is present only in dRG-II-B,17,18 indicating that borate esters are linked to the 
apiosyl residues.

RG-II is composed of a backbone formed by homogalacturonan (HG, linear 1,4-linked 
d-galacturonic acid) and four side chains,19 two of those contain apiosyl residues. Esterification of 
apiosyl residues was found in the apiofuranosyl residue of the 2-O-methyl-D-xylose-containing 
side chains in each of the subunits of the dimer, but not in the apiofuranosyl residue in any of 
the two aceric acid-containing side chains (Fig. 1).20 This shows that tetrahedral borate diol 
ester cross-links the apiosyl residues of the same side chains of the two mRG-II subunits. The 
site of borate esterification is identical between naturally occurring dRG-II-B and the in vitro 
synthesized one.

Figure 1. Borate crosslinking of rhamnogalacturonan II. A,B,C, and D represent different side 
chains of rhamnogalacturonan II. Boron is known to be bound to the side chain A.
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Furthermore, it was shown that dimerization of RG-II in vitro was stimulated by the addition of 
divalent cations such as Sr2+, Pb2+, Ba2+.18 Kobyashi et al demonstrated that Ca2+ was important for 
dimerization of RG-II and stabilization of dRG-II-B.21 In addition to the stabilization effect of Ca2+ 
on the dRG-II-B complex, it was also shown that dRG-II-B contains Ca2+. According to the report 
by Iwai et al, Sr, Ba, La and Pb were detected in the same retention time as dRG-II-B in size-exclusion 
chromatography (SEC) with inductively coupled plasma-mass spectrometry(ICP-MS) analysis 
of squash xylem exudates.22 Therefore, it is likely that not only Ca but also Sr, Ba, La and Pb bind 
and stabilize dRG-II-B in planta.

Although RG-II binds to B, synthesis of RG-II is not affected by B conditions. Ishii et  al 
showed that B conditions in media did not affect RG-II sugar composition in plants.23 In the 
RG-II isolated from B-deficient pumpkin tissues, which is mostly present as a monomeric form 
of RG-II (mRG-II), the primary structure of RG-II was not altered. This suggests that synthesis 
of RG-II is not strongly affected by B nutrition.

Involvement of Rhamnogalacturonan-II in B Function
The roles of RGII-B complexes have been studied in the following time. Ishii (2001) demon-

strated that B deficiency treatments of pumpkin plants resulted in swollen cell walls and in such 
cell walls 80-90% of RG-II is present as mRG-II.23 Application of boric acid converted mRG-II to 
dRG-II-B and rescued swelling of the cell walls, demonstrating correlation between the mRG-II/
dRG-II-B ratio and growth of the plants. It is possible that dimerization of RG-II has a role in 
maintenance of plant cell walls.

O’Neill et al suggested that efficient formation of dRG-II-B is essential for normal leaf expansion 
using A. thaliana mutant mur1.24 MUR1 encodes an isoform of GDP-D-mannose-4,6-dehydratase, 
which catalyze the synthesis of GDP-L-fucose.25 The content of L-fucose in aerial portion of mur1 
mutant plants is reduced to 2% of those of wild type plants.26 As fucosyl residues are known to be 
present in the two side chains of RG-II and xyloglucan in cell walls, both RG-II and xyloglucan are 
likely to be affected in the mur1 mutant plants. It was shown that the RG-II in the aerial portion 
of the mur1 mutant plants exhibits an abnormal glycosyl composition.24,27 A similar mutant, mur2 
is also defective in fucose metabolism. In this mutant, xyloglucan fucosyltransferase (AtFUT1) 
is defective and contents of fucosylated xyloglucan were reduced to 2% of those of the wild type, 
but contents of L-fucose in RG-II are normal.28 Thus, by comparing mur1 and mur2 mutants, a 
role of fucose in RG-II can be discussed. The mur1 mutant plants, but not mur2 mutant plants, 
exhibited reduced rosette leaf expansion under normal B conditions. It was also demonstrated 
that extents of crosslinking of RG-II by borate in mur1 were lower than those of wild-type plants. 
The growth defect of mur1 mutant plants was diminished by supplying high levels of B and under 
this condition; the extent of crosslinking of RG-II in the mutant plants was close to that in wild 
type plants. Taken all together, it was suggested that crosslinking of RG-II by borate is essential for 
normal leaf expansion.24 It is considered that cross-linking of RG-II by borate establishes a pectic 
network, which contributes to the strength of cell walls.

This was further supported by Ryden et al (2003), who demonstrated that mur1 mutant plants 
showed reduction in strength of hypocotyls as it was observed in mur2 and mur3, xyloglucan 
glycosyltransferase mutant plants.29 This phenotype in mur1 was rescued by addition of higher 
concentration of B; therefore it was concluded that dRG-II-B was important for tensile strength 
of cell walls.

RG-II is also suggested to be involved in B signaling. Using antibody against RG-II, Baluska 
et al demonstrated that dRG-II-B and partially esterified HG were internalized into brefeldin 
A compartments in meristematic cells of maize roots.30 This suggests that pectins containing 
dRG-II-B were internalized via endocytosis. In addition, this internalization of dRG-II-B was 
inhibited upon B deprivation in maize and wheat root apexes.31 It was proposed that cell walls 
are the site of the primary reaction after deprivation of B and that this primary reaction leads to 
B deficiency responses. This endocytosis-mediated pectin signaling is likely to be a B-deficiency 
signal from cell wall to cytoplasm.
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Roles of B Other Than Binding to RG-II
Although RG-II in plant cell walls is the only compound that is shown to interact with B 

and is required for the physiological function of B (details are described above), demonstration 
of essentiality of B in other organisms including bacteria that do not contain RG-II implies 
the presence of other essential B containing or interacting compounds. The presence of RG-II 
was also demonstrated in pteridophytes and bryophytes.19,32 The roles of RG-II in ferns and 
mosses are not clear at this time and the essentiality of B in these organisms is not reported.

Bassil demonstrated that boronic acids, which compete with boric acid for binding to 
cis-diols, caused the disruption of cytoplasmic strands and cell-to-cell wall detachment in 
tobacco cultured cells and proposed that B functioned for structure in cytoskeleton.33

Iwai et al (2003) reported the presence of unknown B-compounds in xylem sap of squash 
roots.22 In SEC/ICP-MS, in addition to the peaks of dRG-II-B and free boric acid, another 
large peak was found, which corresponded to a borate compound with lower molecular weight 
than dRG-II-B. Since myo-inositol was detected in high concentration (15.2 �g ml–1) as a 
free sugar having cis-diols, it seemed to be a candidate for a B-binding compound. However, 
myo-inositol did not form a complex with boric acid at pH 5.5 in vitro (the same condition 
as xylem sap), suggesting the presence of unknown B-compounds.

Physiological Analysis of B Transport
Three mechanisms of B transport in plants are known: passive diffusion across lipid bilayers, 

channel-mediated B transport and active B transport by transporters.

Passive Diffusion
In soil solutions at physiological pH, B is present as a noncharged molecule, boric acid 

B(OH)3. Out of 14 essential elements of plants that are taken up from soil, B is the only ele-
ment that is taken-up by plants not as ion, but as a noncharged molecule.

Classical physiological analysis up to 1990s indicated that the amount of B uptake is more 
or less proportional to the B concentration in the medium.5 This was the basis for the notion 
that B was transported only by passive diffusion and distributed within the plant body along 
the transpiration streams. This assumption is supported by the high membrane permeability of 
boric acid. Raven (1980) calculated the permeability coefficient of boric acid to be in the order 
of 10–6 cm s–1 based on the ether-water partition coefficient and suggested that this permeability 
of boric acid was high enough to account for B uptake and transport in plants.34 Experimental 
data also showed that the permeability of boric acid across artificial liposomes consisting of 
phosphatidylcholine was 4.9 � 10–6 cm s–1, having a good agreement with the calculated val-
ues.35 These authors also demonstrated that the permeability coefficient of boric acid varied 
from 7 � 10–6 to 9.5 � 10–9 cm s–1 depending on sterol composition, type of phospholipids, 
the presence of head groups, length of fatty acid chains and the pH in the medium.

It was then found, however, that a permeability coefficient of boric acid of plant membranes 
is orders of magnitude smaller than predicted. Dordas et al experimentally determined the 
coefficient as 3.9 � 10–7 cm s–1 and 2.4 � 10–8 cm s–1 for plasma membrane and plasma mem-
brane-depleted vesicles of squash roots, respectively.36 The permeability coefficient of boric acid 
was 4.4 ��10–7 cm s–1 in the plasma membrane of the charophyte algae Chara corallina.37

The lower permeability of boric acid in the biological membranes implies that passive 
diffusion of boric acid across lipid bilayer does not satisfy plant demand. Furthermore, intro-
duction of ICP-MS for elemental analysis of B enabled a highly sensitive determination of 
B and discrimination of stable isotopes in samples. Consequently, B transport system other 
than passive diffusion—especially under conditions of the limited supply of B—was reported 
for the first time in 2000.38 This is the first suggestion for the presence of B transporters in 
organisms.
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Channel-Mediated B Transport
Dordas et al proposed B transport through channels.36,39 They first demonstrated that boric 

acid permeation of the plasma membrane vesicles prepared from squash roots was partially 
inhibited (30%-39%) by mercuric chloride (HgCl2) and phloretin, nonspecific channel block-
ers. The inhibition by HgCl2 was reversible by 2-mercaptoethanol, suggesting that B transport 
at least in part go through proteinaceous channels. In addition, expression of a major intrinsic 
protein (MIP), maize PIP1, in Xenopus oocytes resulted in a 30% increase in B permeability.36 
They also demonstrated the presence of channel-mediated B transport in intact squash plants. 
Application of the channel inhibitors HgCl2 (either 50 �M or 1 mM), phloretin (250 �M) and 
4,4-diisothiocyanoatostilbene-2,2�-disulfonic acid (DIDS)(250 �M) reduced B uptake by 40%, 
90%, 44% and 58%, respectively, suggesting possible involvement of channels.39 Furthermore, 
addition to the assay media of noncharged compounds with a similar molecular size to boric 
acid, such as urea, acetamide, formamide, thiourea and glycerol, inhibited B uptake by 54%, 
50%, 35%, 53% and 44%, respectively, further supporting the conclusion that boric acid was 
transported through channels.39

“Active” B Transport against Concentration Gradients
To transport B from roots to shoots, B needs to be loaded into xylem vessels. This process, known 

as xylem loading, is a transport process from symplast to apoplast (xylem). A series of studies dem-
onstrated that B is transported against a concentration gradient under low-B conditions in xylem 
loading. In some cases, uptake of B from the medium into cells can also be against a concentration 
gradient. Dannel et al reported that low-B treated sunflower plants showed significantly higher B 
concentration in root cell saps and xylem exudates than in the medium and root cell saps, respectively.38 
On the other hand, when the plants were precultured in a high B medium, accumulation of B against 
a concentration gradient was not observed and B concentrations were proportional to those in the 
media. These results indicate that, under the low B condition, beside passive diffusion system, active 
transport systems transport B into root cell and xylem vessels against the B concentration gradients. 
This concentration mechanism of B was inhibited by treatments with low temperature and metabolic 
inhibitors, suggesting that the B transport system was energy-dependent. In addition, Dannel et al 
indicated that this transport system followed the Michaelis-Menten kinetics and the Km and Vmax 
value of low-B precultured sunflower roots for B uptake is 15 �M and 30 nmol g root FW–1 h–1, 
respectively.40 Similar results were reported in the charophyte algae Chara corallina.37 Following one 
day of B starvation, B uptake into cells within 0 to 10 �M B supply appeared to be a combination of a 
saturable and a linear component. The saturable component followed the Michaelis-Menten kinetics 
with an apparent Km of about 2 �M and Vmax of about 135 pmol m–2 s–1, suggesting the presence of 
a high affinity B transport system, operating under low B conditions.

In addition to the involvement of transporters in B uptake into roots and xylem loading under 
limited supply of B, B efflux from root cells under toxic level of B supply was also described. Hayes 
and Reid proposed borate efflux from roots to be a mechanism of B tolerance in barley.41 When 
physiological comparison was performed between the high B-tolerant barley variety Sahara and the 
B-sensitive variety Schooner, B concentration of roots of Sahara was about half of that of Schooner 
under 5 mM B treatment. In addition, when plants were exposed to 5 mM B, B uptake into roots 
in Schooner reached nearly equilibrium state with the external solution within 3 hours, whereas 
Sahara maintained lower B concentrations in roots, which may lead to the lower B concentra-
tions in xylem and leaves and enhanced B tolerance in Sahara. This suggests that Sahara actively 
excludes or pumps B out of the cells. Sahara was able to maintain the root B concentration at the 
low level in a wide range of external B concentrations (0.1 mM to 10 mM) suggesting that the B 
exclusion system is constitutively present in Sahara. Treatments with sodium azide, a metabolic 
inhibitor, or with anion channel inhibitors such as ethacrynic acid, A9C, DIDS, CHCA, affected 
the maintenance of reduced B concentration in Sahara. These results suggested the presence of 
borate efflux systems mediated by an anion transporter to protect plants from B toxicity. It is now 
known that this efflux is likely to be mediated by BOT1.42
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Molecular Mechanisms of B Transport
BOR1, a Transport Protein Responsible for Xylem Loading
B-Deficiency Sensitive Mutant of Arabidopsis thaliana, bor1-1

As stated above, physiological analysis suggested the presence of a channel as well as a trans-
porter for B. However, no such proteins (channel or transporter) responsible for this transport 
had been identified. The breakthrough came along with the coincidental isolation of A. thaliana 
bor1-1 mutant, which was sensitive to B deficiency.43 In bor1-1, leaf expansion of upper leaves was 
inhibited when plants were grown with 3 �M boric acid. Wild type plants grew normally at this 
B concentration. When bor1-1 plants were supplemented with 30 �M boric acid, leaf expansion 
was normal, but the plants failed to set seeds. Supply of 150 �M boric acid rescued this sterility. 
Furthermore, B concentrations in rosette leaves and upper portion of the inflorescences were 
reduced in bor1-1 mutant plants compared to those of wild type plants.43

To examine the distribution of B, B concentrations were determined in cell saps and water in-
soluble residues (WIRs) in shoots and roots.13 In bor1-1 reduction of B concentration was evident 
in shoots compared to the roots, indicating that the bor1-1 mutant is defective in B translocation 
from roots to shoots. This coincides with the observation that the extent of root growth reduction 
in bor1-1 were less than that in shoots.44 B concentration in cell sap of bor1-1 shoots was 5% and 
65% of those of wild type plants under 3 and 30 �M B supply, respectively, whereas the concentra-
tions in mutant and wild type were similar under 100 �M B supply. B concentrations in WIR of 
shoots, which are considered to represent cell wall fraction of plants, decreased with low B supply 
in both genotypes and the extent of reduction was similar in both genotypes, suggesting that B 
partitioning to WIRs is not affected in the bor1-1 mutant.

Under low B supply it was also shown that in shoots of bor1-1, 60% of RG-II was present as 
monomeric RG-II whereas in wild type 90% of RG-II was dimerized.45 Shoot growth retardation 
was likely to result at least partly from reduced dRG-II-B formation. Since monomeric RG-II 
derived from bor1-1 mutant proofed capable of forming dRG-II-B dimers in vitro, reduction of 
dRG-II-B in bor1-1 was not likely to be due to a defect in RG-II synthesis or the RG-II structure. 
Rather, the increase in monomeric RG-II was likely to be caused by a decreased B concentration 
in shoots of bor1-1.45

B Transport Properties of bor1-1
To understand the cause of reduced B concentration in leaves of bor1-1, further physiological 

analysis was conducted. B concentrations in root cell sap of both wild type plants and the bor1-1 mu-
tant increased linearly in proportion to the increase of B concentration in the medium.46 In contrast, 
B concentrations in xylem saps were clearly different between the wild type and the bor1-1 mutant. 
A combination of a linear and a saturating component was present in B concentrations in xylem saps 
in wild type plants, whereas the saturated curve was not evident in the bor1-1 mutant. These results 
demonstrated that A. thaliana plants use a passive process in B uptake into root cells and an active 
mechanism to transport B out of the cell into xylem against a concentration gradient, and that bor1-1 
is defective in xylem loading of B, leading to the decreased B translocation from roots to shoots.

In addition to xylem loading, Takano et al demonstrated that bor1-1 is defective in preferential 
B translocation into young leaves.44 To determine short-term B distribution between old and young 
rosette leaves, stable isotopes 10B and 11B were used. The plants were grown with supply of 11B and 
then supplemented with tracer 10B, followed by the determination of 10B concentrations in plant 
tissues. Proportion of B distribution into young leaves was lower in bor1-1, suggesting that BOR1 
functions for preferential transport of B to growing portions of shoots.

BOR1 is an Efflux Transporter of Boron
Complementation test and map-based cloning identified BOR1 At2g47160. BOR1 has a 

high similarity to anion exchanger proteins on the amino acid sequence level, including the 
well-characterized Band3 protein in erythrocytes in animals.
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BOR1 has putative ten transmembrane regions. When BOR1 fused to GFP was transiently 
expressed in tobacco cells, GFP fluorescence was observed at the periphery of the cells, suggesting 
that BOR1 is localized to the plasma membrane.

Given the phenotype of the mutant and the identity of BOR1 as a plasma membrane protein, 
we assumed that BOR1 might be a B transporter. To examine B transport capability of BOR1, 
BOR1 was expressed in yeast cells and B transport properties were examined.46 In S. cerevisiae, a 
gene similar to BOR1, YNL275w, now termed as ScBOR1,47 is present. Knock-out of YNL275w 
increased B concentration in yeast cells by 13 fold compared to the wild type strain after one hour 
exposure to 0.5 mM boric acid. Expression of A. thaliana BOR1 in the YNL275w knock-out strain 
decreased B concentration in cells to 30% of that of the vector control. These results demonstrated 
that both of YNL275w and BOR1 are capable of decreasing B concentration in cells, suggesting 
that they are efflux-type B transporters.46 Although the chemical form of the substrate for BOR1 
is not experimentally determined, borate anion is more probable than boric acid from the result 
of electrophysiology of NaBC1, a human homolog of BOR1.48

The characterization of BOR1 proteins represented the first identification of B transporters in 
biological systems. Most of the transporters in plants were isolated by functional complementation 
assays in yeast cells and by homology search with the previously known proteins in other organ-
isms. The discovery of BOR1 as the first B transporter in biological systems represents an example 
of a contribution of the plant membrane transport community to general biology. Genes similar 
to BOR1 are present in a wide range of plant species and these BOR1-like genes are likely to be B 
transporters. BOR1-like genes in yeast and human were shown to be B transporters.48

BOR1 is strongly expressed in root pericycle cells. In transgenic A. thaliana lines carrying 
a promoter BOR1-GFP construct, GFP fluorescence was observed predominately in pericycle 
cells in mature portions of roots. BOR1 is expressed mainly in cells surrounding the xylem. 
Considering the bor1-1 mutant phenotypes, activity of BOR1, subcellular localization and 
cell-type specificity of expression, it is concluded that BOR1 is an efflux-type B transporter 
required for xylem loading.46

BOR1 Degradation via Endocytosis in Response to High B Supply
In A. thaliana plants mRNA accumulation of BOR1 was not significantly changed under vari-

ous B conditions,49 however, accumulation of BOR1 protein decreased under high B supply both 
in roots and shoots.50 B translocation from roots to shoots also decreased upon high B supply.49 
These results showed that BOR1 accumulation is regulated at the posttranscriptional level. This 
regulation was also observed in the transgenic A. thaliana lines overexpressing BOR1-GFP under 
the control of cauliflower mosaic virus 35S RNA promoter, a constitutive promoter.49 In these 
transgenic lines, mRNA accumulated constitutively, whereas BOR1-GFP was highly accumulated 
only under the limited supply of B.

Takano et al demonstrated BOR1 degradation via endocytosis. This was the first example of an 
endocytosis-mediated degradation of a plasma membrane protein in plants.49 When GFP fluores-
cence in roots was observed in transgenic lines expressing BOR1-GFP, fluorescence was observed 
in the plasma membrane under low B supply. After transfer to medium containing high B, GFP 
fluorescence was observed in dot-like structures within one hour and disappeared after two hours. 
The plasma membrane proteins, GFP-PIP2a and GFP-Lti6b, which are not involved in B transport, 
stayed at a plasma membrane at constant level irrespective of B conditions, suggesting that the 
degradation mechanisms that operates under high B supply is specific to BOR1.

Furthermore, BOR1-GFP in dot-like structures was shown to colocalize with endocytosis 
markers; FM4-64, mRFP-Ara7. Treatment of concanamycin A, a specific inhibitor of V-ATPase, 
inhibited BOR1-GFP degradation in vacuoles. With treatment of Brefeldin A (BFA), which inhib-
its exocytosis but not endocytosis, BOR1-GFP was observed in vesicles called BFA compartments 
both under low B and high B conditions. These observations indicate that BOR1-GFP recycles 
between plasma membrane and early endosome irrespective of B conditions. Upon high B sup-
ply, BOR1 is trafficked to late endosome compartments followed by degradation in vacuoles. 
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Biological significance of BOR1 degradation upon high B supply is likely for the avoidance of B 
overaccumulation in aerial portion of the plants under relatively high levels of B supply.

BOR1 Paralogs in A. thaliana
The A. thaliana genome contains multiple transporter genes for a particular substrate in general. 

Six BOR1 paralogs (BOR2-BOR7) are present in the A. thaliana genome. Accumulation of mRNAs 
of BOR2, BOR3, BOR4 and BOR5 were detected by RT-PCR both in shoots and roots of plants 
at vegetative stages. However, BOR6 and BOR7 transcripts were detected only in flowers.51 BOR2 
is the most similar to BOR1 and shows 91% identity in the amino acid sequence. Disruption of 
BOR2 inhibited root cell elongation under limited supply of B (Miwa, unpublished). This obser-
vation suggests that BOR2 locally transports B into cell walls. It is intriguing that two genes with 
such high similarities have distinct roles in B transport in plants.

A. thaliana NIP5;1, a Channel for Boric Acid Mediates B Uptake under  
B Limitation

Physiological experiments demonstrated a channel-mediated B transport system in plants as 
described above. Takano et al identified NIP5;1, a member of the major intrinsic protein (MIP) 
family as a boric acid channel for efficient B uptake in A. thaliana roots and showed its physiologi-
cal impact on plant growth under B limitation.52

MIPs, also known as aquaporins, are membrane proteins with six transmembrane domains. 
MIPs transport noncharged small molecules such as glycerol, urea or ammonia in addition to 
water.53 The NIP (Nod 26-like Intrinsic Protein) subfamily represents one out of seven sub-
families of MIPs in plants.54 Soybean NOD26 is the founder of this subfamily and is localized 
to the symbiosome membrane and is capable of transporting water, glycerol and ammonia.55 It 
is suggested that NOD26 transports ammonia from rhizobium to plants. On the other hand, 
subcellular localization and physiological roles of NIP in nonsymbiotic plants were largely 
unknown until several years ago.

NIP5;1 was identified as a low-B inducible gene through the microarray analysis.52 RNAs were 
isolated from wild type A. thaliana roots treated with normal or low B for 3 days and NIP5;1 
transcript accumulation was determined. It was found that NIP5;1 transcript accumulation was 
highly induced upon low B supply. RT-PCR analysis revealed that NIP5;1 mRNA accumulation 
in roots increased more than 10 fold at 24 h after the initiation of low B treatment. Re-supply of 
high B suppressed NIP5;1 mRNA level back to normal in 24 h. In transgenic A. thaliana lines 
carrying promoterNIP5;1-GUS, GUS staining was strongly observed in the root under B limita-
tion. Under high B conditions, GUS staining was only slightly detected, suggesting that NIP5;1 
accumulation was regulated by the promoter region used in the experiment.

GFP-NIP5;1 fusion protein was localized to the plasma membrane when GFP-NIP5;1 was 
transiently expressed in A. thaliana protoplasts. When NIP5;1 was expressed in Xenopus oocytes 
for functional analysis, uptake of boric acid into cells was increased compared to the water-injected 
oocytes, suggesting that NIP5;1 is a channel for boric acid.52

Function of NIP5;1 in plants was investigated with T-DNA insertion lines. The two indepen-
dent insertion lines nip5;1-1 and nip5;1-2 showed severe growth reduction both in shoots and 
in root cell elongation only under limited supply of B and both grew normally under normal B 
conditions.52 Amounts of B uptake into roots were increased in wild type plants under low B sup-
ply compared to those under high B supply, whereas this increase of B uptake was not observed in 
the nip5;1-1 mutant. These observations demonstrated that NIP5;1 is essential for B uptake into 
root cells to support normal plant growth under B limitation.52 Given the similarity to aquaporins, 
NIP5;1 is likely to transport boric acid according to the concentration gradient and to contribute 
to satisfy B requirement in shoot and root growth.

Nine NIP members in A. thaliana genome are classified into two subgroups with different 
specificities to substrates. Rice Lsi1, a NIP member (OsNIP2;1), belonging to another subgroup 
present in rice, barley and maize but not in Arabidopsis, is required for the uptake of silicic acid 
Si(OH)4 in roots (see also the chapter by Ma in this book).56 Plants are likely to apply NIPs for 
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transport of noncharged small nutrient molecules such as boric acid, ammonia, arsenite, antimo-
nite and silicic acid.57-59

Complementary Roles of BOR1 and NIP5;1 in Efficient B Transport under B 
Limitation

Through the molecular genetic studies using A. thaliana, BOR1 and NIP5;1 were identified as 
an efflux-type B transporter and a channel for boric acid, respectively. Both are required for normal 
plant growth under limited supply of B. These two types of transporters have differential function 
in boric acid transport. Under B limitation, BOR1 exports borate out of pericycle cells into xylem 
against a concentration gradient. NIP5;1 stimulates influx of boric acid from external medium into 
root cells, because it is expressed in the epidermis and cortex, which represent cell layers distal of 
the Casparian strips. BOR1 is likely to generate a concentration gradient between root cells and 
the medium, necessary for B influx into root cells mediated by the channel protein NIP5;1. If this 
is the case, then BOR1 function is required for efficient transport of boric acid through NIP5;1, 
because NIP5;1 is a passive channel for boric acid and the B concentration gradient is required 
for NIP5;1 as a driving force (Fig. 2).

It is intriguing that NIP5;1 expression is regulated at the level of mRNA accumulation, whereas 
BOR1 accumulation is regulated through protein degradation. It is not clear why plants carry two 
different systems to regulate the flow of B or how beneficial these differential regulations are for 
the plants. Moreover, it is hard to imagine the situation in which plants are exposed to abrupt high 
concentration of B. But, considering that BOR1 is the transporter that generates concentration 
gradients of B, it might be beneficial for plants to downregulate BOR1 more rapidly than NIP5;1 
to rapidly shut off the B flow across the cell.

NIP6;1, a Channel for Boric Acid Responsible for B Distribution to Leaves 
under B Limitation

B in soil is taken up by roots through NIP5;1, a boric acid channel and is loaded into the xylem 
by BOR1, a borate exporter. The function of NIP6;1, the most similar gene to NIP5;1, was studied 
by a reverse genetic approach.60 NIP6;1 facilitates the rapid permeation of boric acid across the 
membrane, but is completely impermeable to water. NIP6;1 transcript accumulation is elevated 
in response to B deprivation in shoots, but not in roots. NIP6;1 promoter-GUS is predomi-
nantly expressed in nodal regions of shoots, especially the phloem region of vascular tissues. Three 
independently identified T-DNA insertion lines for the NIP6;1 gene exhibited reduced expansion 

Figure 2. Complementary roles of NIP5;1 and BOR1 in boron (B) transport across root cells for 
xylem loading. NIP5;1 is a boric acid channel allowing efficient uptake of boric acid to symplast. 
BOR1 is an efflux transporter expressed in stele and loads B to xylem from symplast.
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of young rosette leaves only under low B conditions. B concentrations decreased in young rosette 
leaves but not in the old leaves of these mutants. These results strongly suggest that NIP6;1 is a 
boric acid channel required for proper distribution of boric acid particularly to young developing 
shoot tissues. 60 NIP6;1 is likely to be involved in xylem-phloem transfer of boric acid at the nodal 
regions. The water-tight property of NIP6;1 may be important for the boric acid transfer without 
disturbing transport processes in phloem.60 It is interesting to note that during evolution, NIP5;1 
and NIP6;1 were diversified both in terms of the specificity of their expression in plant tissues 
and water permeation properties of their products, while maintaining their capacity to transport 
boric acid and their ability to be induced under low B.

Improvement of Plant Growth Property through BOR and NIP 
Transporters
Low B Tolerant Plants

Polyols including sorbitol have been shown to enhance B translocation. Tao et al introduced an 
apple cDNA encoding NADP-dependent sorbitol-6-phosphate dehydrogenase (S6PDH), a key 
enzyme for sorbitol synthesis, into tobacco, not producing sorbitol. S6PDH activity and sorbitol 
synthesis were confirmed in the transgenic tobacco expressing S6PDH under the control of CaMV 
35S promoter.61 Brown et al revealed that the sorbitol-producing transgenic tobacco line (S11) 
became tolerant to B deficiency. The transgenic line (S11) showed improvement in plant growth 
and seed yields under low B condition or especially foliar-application in mature leaves, compared 
to the wild type tobacco (SR1) and the transgenic line carrying antisense of S6PDH (A4).62 The 
transgenic S11 did not exhibited apparent B-deficiency symptoms whereas wild type (SR1) showed 
flower bud abortion and chlorosis of young leaves under foliar application. Foliar-applied 10B 
translocation into plant top and seeds were remarkably enhanced in the transgenic S11, suggest-
ing that enhanced B translocation resulted in improved plant growth and seed yields. In addition 
to this, Bellaloui et al reported enhanced B uptake in the sorbitol-producing transgenic tobacco 
(S11).63 Total amount of B uptake and B distribution in meristematic tissues were increased in 
the S11, compared to the wild type (SR1) and the antisense transgenic line (A4). Interestingly, 
sorbitol concentrations and contents in the S11 were increased with the increase of B in the growth 
medium. Enhancement of sorbitol production results in an increase of B translocation from ma-
ture leaves to the sink, also in addition to an increased B transport and tolerance to B deficiency. 
Introduction of S6PDH also stimulated B translocation in rice but growth improvement was not 
evident.64 It should also be noted that engineering sugar metabolism may have negative effect on 
overall growth.65,66

Another trial for generation of B-deficiency tolerant plants was to enhance the primary trans-
location of B from roots to shoots. The growth property of transgenic A. thaliana lines expressing 
BOR1 under the control of CaMV 35S promoter was reported.67 When BOR1 was overexpressed 
in A. thaliana plants, improvement of shoot growth and fertility was observed in the transgenic 
lines under limited supply of B, resulting from the increased B translocation to shoots and shoot 
apex. It is likely that the function of endogenous BOR1 as a xylem loader of B was enhanced in 
these transgenic lines. The advantage of this approach is that there is no detrimental effect on 
plant growth under normal or toxic level of B supply, probably due to the degradation of BOR1 
under high B conditions. This is the first report of plants that show improved seed yields under 
nutrient-deficient conditions as a result of enhanced expression of an essential mineral nutrient 
transporter. Since BOR1 homologs are present in a wide variety of plant species,44 this strategy can 
be useful for other crops and BOR1 homologs can be used as genetic markers for breeding.

High B Tolerant Plants Can Be Generated through Overexpression of BOR4
B toxicity is a worldwide problem, which impedes food production in semi arid areas. In south 

Australia, more than 10% wheat yield loss was estimated to be caused by B toxicity. It was reported 
that overexpression of BOR4, a paralog of AtBOR1, is capable of conferring extreme tolerance to 
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high B toxicity.68 Three homozygous transgenic lines overexpressing AtBOR4 show remarkable 
improvement of root and shoot growth under 10 mM B conditions, which is lethal for wild type 
plants. B concentrations in roots and shoots were decreased in these transgenic plant lines with the 
supply of 3 mM boric acid. There was no significant difference in growth under normal supply of 
B (30 �M). Overexpression of BOR4-GFP reduces B concentration in cells, which are beneficial 
to maintain growth under high B conditions.

GFP fluorescence of BOR4-GFP was strongly detected in the plasma membrane of the distal 
side of the root epidermal cells in elongation zone in the transgenic lines expressing BOR4-GFP 
fusion protein under the control of the BOR4 promoter.68 Distal localization of BOR4 is likely 
to be important for directional B export from roots to soil to prevent B accumulation in xylem 
and growing cells. Overexpression of BOR4 promoted effective exclusion of B out of the cells, 
which likely resulted in improvement of growth. BOT1, a homolog of BOR4 was isolated from 
barley and suggested to be involved in high B tolerance,44 supporting the importance of this type 
of B extruder in B tolerance.

Enhancement of B efflux from roots of crop plants is expected to result in improvement of crop 
productivity on B toxic soils found in a number of regions around the world.

Growth Improvement by Enhanced Expression of NIP5;1
As described above, overexpression of B transporter BOR1 improves shoot growth under low 

B. However, root growth remains to be similar to that of the wild type plants. Enhancement of 
expression of NIP5;1, but not its overexpression, resulted in improved root elongation under low 
B conditions in A. thaliana. It was found that an NIP5;1 activation tag line, which have a T-DNA 
insertion with enhancer sequences near the NIP5;1 gene, exhibited improved root elongation under 
low B condition, whereas overexpression of the NIP5;1 gene by the CaMV 35S promoter resulted 
in reduced overall growth. These results demonstrate that the cell and tissue specific expression of 
NIP5;1 is instrumental for the physiological role of NIP5;1 as a B transporter in low B environ-
ment. Overexpression of BOR1 in the NIP5;1 activation tag line resulted in plants with super 
tolerance to low B concentration.69 Furthermore, one of the transgenic lines exhibited improved 
fertility and short-term B uptake. This represents the first successful improvement of B deficiency 
tolerance through modification of transporters. This also reveals potentials of enhancing expression 
of a mineral nutrient channel gene to improve growth under nutrient limiting conditions.

Conclusion
It has been revealed that NIP5;1 and NIP6;1 play important but distinct roles in B uptake 

and distribution within the plant body, respectively. Recent success in generating a B deficiency 
tolerant plant by manipulation of NIP5;1 expression illustrated that NIPs represent targets for 
plant breeding for enhancement of growth. Future studies are expected to broaden and deepen 
our understanding of NIPs, which will lead to better technology to generate crops with higher 
yields in low and/or high B soils.
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Abstract

Silicon (Si) is the second most abundant element in the Earth’s crust and exerts beneficial 
effects on plant growth and production by alleviating both biotic and abiotic stresses includ-
ing diseases, pests, lodging, drought and nutrient imbalance. Silicon is taken up by the roots 

in the form of silicic acid, a noncharged molecule. Recently both influx (Lsi1) and efflux (Lsi2) 
transporters for silicic acid have been identified in gramineous plants including rice, barley and 
maize. Lsi1 and its homologs are influx Si transporters, which belong to a Nod26-like major intrinsic 
protein (NIP) subfamily in the aquaporin protein family. They are responsible for the transport 
of Si from the external solution to the root cells. On the other hand, Lsi2 and its homologs are 
efflux Si transporters, belonging to putative anion transporters and are responsible for the trans-
port of Si out of the cells toward the xylem. All influx transporters show polar localization at the 
distal side. Among efflux transporters, Lsi2 in rice shows polar localization at the proximal side, 
but that in barley and maize does not show polar localization. The cell-specificity of localization 
of Si transporters and expression patterns are different between species. Rice Si transporters are 
also permeable to arsenite.

Introduction
Silicon (Si) is the second most abundant element after oxygen in the Earth’s crust. It is essential 

for animals and diatoms,1,2 but has not been recognized as an essential element for plant growth, 
because there is no evidence showing that Si is involved in the metabolism, which is required for 
the essentiality in higher plants. However, beneficial effect of Si have been observed in a wide range 
of plant species including dicots and monocots.3-6

The effects of Si are characterized by protecting the plant from various biotic and abiotic 
stresses.4-7 Silicon enhances resistance of plants to diseases caused by both fungi and bacteria in 
different plant species such as rice blast, powdery mildew, sheath blight, ring spot, rust, leaf spot 
and gray leaf spot.8 Silicon also suppresses insect pests such as stem borer, brown planthopper, rice 
green leafhopper, whitebacked planthopper and noninsect pests such as leaf spider and mites.9 
Resistance to the damage by wild rabbit in wheat is also enhanced by an increased amount of 
Si in wheat.10 Furthermore, Si increases the tolerance of plants to abiotic stresses including salt, 
metal toxicity, nutrient imbalance, lodging, drought, radiation, high temperature, freezing and 
UV iridation.4-7 These effects have been mostly attributed to the deposition of Si at different tis-
sues.5,6 Silicon deposited beneath the cuticle acts as a physical barrier, which prevents penetration 
by fungi and insects, increases mechanical strength and reduces transpiration. In addition, soluble 
Si has been suggested as a modulator of host resistance to pathogens by interacting with several 
key compounds of plant stress signaling systems and by increasing the synthesis of plant defense 
compounds.11-14
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Silicon Transporters
Silicon is taken up by the roots in the form of silicic acid, a noncharged molecule.15 Recent 

studies have shown that both influx and efflux transporters are involved in the uptake of Si.6

Influx Si Transporters
Influx Si Transporter (OsLsi1) in Rice
Isolation of Rice Si Transporter (OsLsi1)

The first Si transporter (OsLsi1) in higher plants was identified from rice, a typical 
Si-accumulating species.16 Rice is able to accumulate Si to over 10% of its dry weight in the shoots 
and requires a high Si content for healthy growth and high production.17 The gene encoding the 
Si transporter was cloned using a rice mutant (lsi1, low silicon 1) defective in Si uptake, which was 
isolated by screening mutagenized seeds in a solution containing germanium (Ge).18 Silicon and Ge 
are chemically similar and plant roots can not discriminate Ge and Si in terms of uptake. However, 
in contrast to Si, Ge taken up is toxic to plant, which is characterized by brown spots on the leaves. 
The gene Lsi1 is localized on chromosome 2 and consists of five exons and four introns.16,19 The 
cDNA of this gene is 1409 bp long and the deduced protein consists of 298 amino acids. Lsi1 
belongs to a Nod26-like major intrinsic protein (NIP) subfamily of aquaporin-like proteins. The 
predicted amino acid sequence has six transmembrane domains and two Asn-Pro-Ala (NPA) mo-
tifs, which is well conserved in typical aquaporins. There are several homologs in the gramineous 
plants including barley and maize (Fig. 1).

A single nucleotide substitution occurred from G in the wild-type to A in the lsi1 mutant, 
resulting in an amino acid change from alanine in the wild-type to threonine in the mutant at a 
position of 132 aa.16 Alanine at position 132 seems to be a critical residue, because substitution of 
this amino acid in the mutant significantly alters the conformation according to the modeling of 
the native and mutant proteins.16 Thus, the substitution of Thr for ala132 provoked severe steric 
interactions with val55 and val59 in helix 1 (H1), facilitating a movement of H1. This unfavorable 
interaction would affect the conformation of asn108, the pore-forming residue.

Expression Pattern of OsLsi1
Lsi1 is constitutively expressed in the roots (Fig. 2A), but its expression is decreased to one fourth 

by Si supply.16 Within a root, the expression of Lsi1 is much lower in the root tip region between 
0-10 mm than in the basal regions of the root (�10 mm).20 Silicon uptake in the root tip region (0 
to 10 mm) comprising both the apical meristem and the elongation zone is also much lower than 

Figure 1. Phylogenetic tree of plant Si influx transporters. Phylogenetic analysis of rice (Os-), 
maize (Zm-) and barley (Hv-) is performed.
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that in the basal regions (�10 mm from the root tips) (Fig. 2B). These observations indicate that 
the site of Si uptake is located in the mature regions of the roots rather than the root tips.

The expression of Lsi1 is transiently enhanced around the heading stage. A previous study 
showed that 67% of total Si is taken up during the reproductive stage from panicle initiation to 
heading in rice.21 Deficiency of Si during this stage results in a significant reduction in the grain 
yield, suggesting that a high Si uptake during this period is required for producing a high yield. 
Therefore, the increased expression of Lsi1 during the heading stage coincides with a high Si 
requirement during this growth stage.

The expression of Lsi1 was down-regulated by dehydration stress and abscisic acid (ABA).20 
ABA is known to accumulate in response to water stress. Therefore, the expression of Lsi1 may 
be regulated by ABA. In the promoter region of Lsi1 exists some ABA-responsive motifs. How 
ABA regulates Lsi1 expression remains to be examined.

Cellular and Subcellular Localization of OsLsi1
Lsi1 is localized in the main and lateral roots, but not in root hairs.16 This is consistent with 

the results of a previous physiological study that root hairs do not play any demonstrable role in 
Si uptake, but that lateral roots contribute significantly to Si uptake.22 Furthermore, in rice roots 
including seminal, lateral and crown roots, the Lsi1 protein is localized at both exodermis and 
endodermis (Fig. 3A), where the Casparian strips prevents apolplastic transport into the root 
stele.16,20 Interestingly, Lsi1 shows polar localization at the distal side of both the exodermis and 
endodermis cells (Fig. 3A). OsLsi1 is localized to the plasma membrane.16

Characteristics of Rice Si Transporter
The characteristics of rice Lsi1 has been investigated by using a Xenopus oocyte assay system. 

Lsi1 shows both influx and efflux transport activity for Si,16,23 indicating that Lsi1 is a bidirectional 
transporter although it only functions as an influx transporter in rice roots.16 This is because silicic 
acid transported into the root cells from the external solution by Lsi1 is immediately transported 
out of the cells by another transporter Lsi2 in rice as described below, generating a concentration 
gradient from the external solution to the root cells. Both the influx and efflux transport activity 
are inhibited by HgCl2, an inhibitor of aquaporins.23 The transport activity for Si is unaffected 

Figure 2. Expression patterns of rice Si transporters. A) Tissue-specific expression pattern of 
rice Si transporters. B) Spatial expression of rice Si transporters in rice roots. Reproduced 
from: Yamaji N et al. Plant Cell 2008; 20:1381-1389;41 ©2008 ASPB.
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by the low temperature (4˚C) treatment. Lsi1 is permeable to water, urea and boric acid, but not 
to glycerol.16,23 However, in the presence of equimolar concentrations of urea and boric acid, the 
transport activity of Si was not or only slightly affected. This indicates that Lsi1 is a highly specific 
transporter for silicic acid.

However, two recent studies show that Lsi1 is also permeable to arsenite [As(III)].24 Expression 
of Lsi1 in Xenopus oocytes and in yeast markedly increased uptake of As(III), but not of arsenate. 
Mutation of Lsi1 in rice (lsi1 mutant) resulted in about 60% loss in the short-term (30 min) As(III) 
influx to roots compared with the wild type rice. These data indicate that As(III) shares the same 
pathway with Si for the entry into rice root cells, probably because As(III) and silicic acid have a 
similar size and both are mostly undissociated at pH � 8.

The substrate selectivity of aquaporins is mainly controlled by the ar/R (aromatic/arginine) 
selectivity filter,25,26 which is located in the narrowest region on the extra-membrane mouth of 
the pore. It is formed by four residues one each from helix 2 (H2) and helix 5 (H5), as well as two 
residues from loop E (LE1 and LE2) typically including aromatic residues, and an Arg residue.27 
The properties of the four residues making up the ar/R selectivity filter appear to govern the 
substrate specificity of the pore. Based on the ar/R regions of aquaporins, NIPs have been newly 
divided into three groups, NIP I, II and III (Table 1).23 NIP I proteins in Arabidopsis have been 
reported to transport water, glycerol28 and lactic acid,29 while NIP II proteins are permeable to 
larger solutes than NIP I protein, such as urea,30 formamide,30 boric acid31 and As(III).24 Different 
from NIP I and NIP II, isoforms of the NIP III subgroup including Lsi1 have a unique selectiv-
ity filter, which consists of Gly (G), Ser (S), Gly (G) and Arg (R). It is predicted that the smaller 
size of the residues form a larger constriction region compared with other NIP groups,25,32 which 
allows silicic acid with a larger diameter (4.38 Å) to permeate. However, proteins in NIP I and 
II groups are also permeable to As(III).24 Therefore, the exact mechanisms regulating substrate 
specificity are still unknow.

A number of studies indicated that the activity of both plant and animal aquaporins may be 
regulated by phosphorylation.33 Recently, the putative involvement of phosphorylation in the 
regulation of Lsi1 was investigated using two inhibitors; okadaic acid and K252a as protein phos-
phatase and protein kinase inhibitors, respectively.23 However, neither okadaic acid nor K252a 
affected the transport activity for silicic acid in oocytes. It is possible that, unlike other aquaporins, 

Table 1. Transport substrates in different groups of NIP in relation to selectivity filter 
and NPA motif

Group
Selectivity 
Filter

Selectivity 
Filter

Selectivity 
Filter

Selectivity 
Filter NPA NPA

Transport 
Substrates

H2 H5 LE1 LE2 NPA1 NPA2

NIP I W V (I) A R NPA NPA 
(NPG/
NPV)

water, glycerol, 
lactic acid, 
arsenite

NIPII A I (V) G (A) R NPS 
(NPA)

NPV 
(NPA)

urea, forma-
mide, boric acid. 
arsenite

NIP III G S G R NPA NPA 
(NPV)

silicic acid, 
arsenite

Plant NIPs were classified into three subgroups based on the two NPA motifs and the ar/R selectivity 
filter formed by four amino acid residues (H2: Helix2; H5: helix5; LE1: loop E1; LE2: loop E2). The 
NPA motifs and the ar/R residues of each subgroup are indicated in the figure and minor substitutions 
of those residues were given in the parentheses.
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phosphorylation is not involved in the regulation of Lsi1 or that phosphorylation could not be 
seen in the heterologous system. Unlike other minerals, Si does not show excess toxicity to plants 
because silicic acid auto-polymerizes at higher concentrations. Furthermore, the beneficial effects 
of Si on plant growth are enhanced with more accumulation of Si. Therefore, it may not be neces-
sary to regulate the activity of Si transporters by phosphorylation.

Based on the localization and transport activity of Lsi1, it is clear that Lsi1 is an influx transporter 
for Si, which is responsible for the transport of Si from the external solution to the root cells.

Influx Si Transporters in Barley and Maize
Following identification of rice Lsi1(OsLsi1), Si influx transporters have also been identified 

in maize (ZmLsi1) and barley (HvLsi1).34,35 ZmLsi1 and HvLsi1 show 82% and 83%, respectively, 
identity with OsLsi1 at the amino acid level (Fig. 1). Both HvLsi1 and ZmLsi1 show Si influx 
transport activity like OsLsi1, but their cell-type specificities of localization and expression patterns 
are different from OsLsi1. HvLsi1 and ZmLsi1 are localized to epidermal, hypodermal and cortical 
cells.34,35 Furthermore, the expression levels of both HvLsi1 and ZmLsi1 are unaffected by Si.

Efflux Transporter of Silicon
Efflux Si Transporters in Rice
Isolation of Rice Efflux Si Transporter (OsLsi2)

The first efflux transporter gene (Lsi2) of Si in rice was also cloned using a novel mutant (lsi2) 
defective in Si uptake.36 This gene is located on chromosome 3 and consists of two exons and 
one intron. The open reading frame (ORF) of this gene is 1416 bp long and the deduced protein 
consists of 472 amino acids. Sequence comparison showed that a single base mutation in the first 
exon occurred from G in the wild-type to A in the mutant, resulting in an amino acid change from 
serine in the wild-type to asparagine in the mutant at the 115 aa position. The gene is predicted to 
encode a membrane protein with 11 transmembrane domains. Lsi2 belongs to a putative anion 
transporter without any similarity with the Si influx transporter Lsi1.16,36 There are six full-length 
homologs in higher plants in the database (http://rapdb.dna.affrc.go.jp/and http://www.arabi-
dopsis.org/), including one in Arabidopsis and five in rice (Fig. 4).

Expression Pattern of OsLsi2
Lsi2 is mainly expressed in the roots as Lsi1 (Fig. 2A). The mRNA accumulation is constitutive 

but it is decreased to one fourth by continuous Si supply for three days.37 Furthermore, there is 
little accumulation of Lsi2 transcripts in the root tip (0-10 mm), but much accumulation in the 
mature parts of the roots (Fig. 2B).37 The expression of Lsi2 is also transiently increased around 
the heading stage.37 These expression patterns are similar to those of Lsi1 as described above, sug-
gesting that the expression of Lsi1 and Lsi2 may be regulated in a similar manner. Comparison of 
the promoter region revealed common domains in the Lsi1 and Lsi2.37 The expression of Lsi2 is 
also regulated by ABA as seen for Lsi1.

Localization of Rice Si Efflux Transporter OsLsi2
Like Lsi1, Lsi2 is also localized to the exodermis and the endodermis cells of the roots (Fig. 3B). 

However, in contrast to Lsi1 localized on the distal side, Lsi2 is localized on the proximal side of 
the exodermis and the endodermis cells.37 A subcellular study showed that Lsi2 is also localized 
to the plasma membrane.

Characteristics of Rice Si Efflux Transporter OsLsi2
In Xenopus oocytes, Lsi2 did not show influx transport activity for silicic acid but did show 

efflux transport activity.37 The efflux of Si is inhibited by a low temperature treatment and by 
three protonophores; 2,4-dinitrophenol (DNP), carbonylcyanide 3-chlorophenylhydrazone 
(CCCP) and carbonylcyanide p-(trifluoromethoxy)penylhydrazone (FCCP).37 Furthermore, 
the efflux activity of Lsi2 is increased at lower external pH values. All these results indicate 
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that different from Lsi1, Lsi2 functions as an active efflux transporter, which is driven by the 
proton gradient.

Lsi2 is also involved in As(III) uptake.24 Although direct measurement for the efflux activity of 
As(III) was not successful, studies with two independent mutants of Lsi2 showed that the mutants 
have a marked decrease (66-75%) in As accumulation in shoots compared with the respective wild 
types.24 As(III) concentration in the xylem sap from the mutants was 73-91% lower than those of 
their wild type backgrounds. Moreover, addition of Si to the nutrient solution inhibited As(III) 
transport to the xylem and accumulation in the shoots in the wild type rice, but not in the two 
lsi2 mutants.

Efflux Transporters in Barley and Maize
Homologs of rice Lsi2 (OsLsi2) have been identified in barley (HvLsi2) and maize (ZmLsi2).38 

Both share 86% identity with OsLsi2 at amino acid level (Fig. 4). Heterologous expression in 
Xenopus oocytes showed that both ZmLsi2 and HvLsi2 have a Si efflux transport activity like 
OsLsi2. Furthermore, when HvLsi2 was transformed into a rice mutant (lsi2) defective in Si 
uptake with a construct carrying the HvLsi2 cDNA under the control of rice Lsi2 promoter 
(Lsi2P-HvLsi2), the Si uptake was significantly increased in plants carrying Lsi2P-HvLsi2 com-
pared to the vector control. These findings suggest that like OsLsi2, both ZmLsi2 and HvLsi2 
also function as efflux Si transporters.

Both ZmLsi2 and HvLsi2 are mainly expressed in the roots, but not in the shoots. 
Furthermore, the expression is much higher in the basal root regions than that in the root tip 
region in both maize and barley. Both ZmLsi2 and HvLsi2 expressions are down-regulated in 
response to the Si supply. These expression patterns are similar to that of OsLsi2. Furthermore, 
there is a significant positive correlation between Si uptake and the HvLsi2 expression level,38 
indicating that the expression level of HvLsi2 is a key factor in determining Si uptake in barley. 
In rice, the expression of both OsLsi1 and OsLsi2 are responsible for genotypic difference in Si 
uptake.37 This difference between rice and barley may be attributed to the different regulation 
of HvLsi1 and OsLsi1 expression. HvLsi1 expression is not affected by Si,34 whereas OsLsi1 is 
down regulated by Si.16

Both ZmLsi2 and HvLsi2 are located in the plasma membrane.38 Immunostaining with rab-
bit anti-ZmLsi2 or anti-HvLsi2 antibodies showed that different from OsLsi2, both ZmLsi2 
and HvLsi2 are localized only to the endodermis of roots in maize and barley, respectively. 
Furthermore, both ZmLsi2 and HvLsi2 do not show polar localization (Fig. 5).38

Difference in Si Uptake System between Paddy and Field Crops
So far OsLsi1, HvLsi1 and ZmLsi1 as Si influx transporters and OsLsi2, HvLsi2 and ZmLsi2 

as Si efflux transporters have been identified, respectively, from rice, barley and maize. Although 
the functions of these transporters are similar among different species, they have different lo-
calization and expression patterns. In rice, both influx and efflux transporters of Si are polarly 

Figure 3, viewed on following page. Localization of rice Si transporters. A) Immunostaining 
of Si influx transporter Lsi1. Lsi1 is localized on the distal side of both exodermis and endo-
dermis. B) Immunostaining of Si efflux transporter Lsi2. Lsi2 is localized on the proximal side 
of both exodermis and endodermis. C) Double staining of Lsi1 and Lsi2 on exodermis. Green 
shows Lsi1 and red shows Lsi2. Reproduced from: Ma JF et al. Nature 2006; 440:688-691;16 
©2006 Nature Publishing Group, and Ma JF et al. Nature 2007; 448:209-211;37 ©2007 Nature 
Publishing Group.

Figure 4, viewed on following page. Phylogenetic tree of Si efflux transporter-like proteins. 
Phylogenetic analysis of rice (Os-), maize (Zm-) and barley (Hv-) is performed.

Figure 5, viewed on following page. Localization of Si efflux transporters in barley (A) and maize 
(B). Both HvLsi2 and ZmLSi2 are localized to the endodermis without polarity. Reproduced 
from: Mitani N et al. Plant Cell 2009; 21:2133-2142; ©2009 ASPB.



105Silicon Transporters in Higher Plants

Figure 3, above.

Figure 4, left.

Figure 5, below.

Please see figure legends on previous 
page.
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localized to the same cells of the exodermis and endodermis.16,37 In contrast, maize and barley 
influx transporters (ZmLsi1/HvLsi1) and efflux transporters (ZmLsi2/HvLsi2) are located at 
distinct cells; maize and barley influx transporters (ZmLsi1/HvLsi1) are polarly localized to 
the epidermal, hypodermal and cortical cells34,35 and efflux transporters (ZmLsi2/HvLsi2) are 
nonpolarly localized on the endodermis only (Fig. 6).38 Therefore, in barley and maize, Si can 
be taken up from external solution (soil solution) by HvLsi1/ZmLsi1 at different cells including 
epidermal, hypodermal and cortical cells. In contrast, in rice, Si is only taken up at the exodermal 
cells by OsLsi1. After being taken up into the root cells, Si is transported to the endodermis by 
symplastic pathway and then released to the stele by HvLsi2/ZmLsi2 in maize and barley (Fig. 
6). By contrast, in rice, Si taken up by OsLsi1 at the exodermal cells is released by OsLsi2 to the 
apoplast and then transported into the stele by both OsLsi1 and OsLsi2 again at the endodermal 
cells. These findings indicate that that the uptake system for Si differs between upland crops 
(barley and maize) and paddy crop (rice).

The difference in the uptake system may be attributed to the root structures observed in rice 
on the one hand and maize and barley on the other hand. In rice roots, there are two Casparian 
strips at the exodermis and endodermis, whereas one Casparian strip is usually present at the 
endodermis of maize and barley roots under nonstressed conditions. Moreover, mature roots 
in rice have a distinct structure, a highly developed aerenchyma, wherein almost all cortex cells 
between exodermis and endodermis are destructed. Therefore, Si transported into the exodermis 
cells by the influx transporter, OsLsi1, has to be released by the efflux transporter, OsLsi2, into 
the apoplast of a spoke-like structure across the aerenchyma. However, in maize and barley roots, 
there is no such structure or if any; it is developed poorly. These differences in the localization of 
transporters and polarity may be one of the reasons for the different Si uptake capacities among 
species although further work is needed to address this issue.

Silicon Transporters for Xylem Unloading
Silicon transported by Lsi1 and Lsi2 into the stele is then translocated to the shoot by transpira-

tional volume flow through the xylem. More than 90% of Si taken up by the roots is translocated to 
the shoots.4 Silicon is present in the xylem at a high concentration, but in the form of monosilicic 
acid.39,40 Recently, a transporter (Lsi6), which is responsible for the export of silicic acid from the 
xylem and subsequently for the distribution of Si, was identified in rice.41

Lsi6 is a homolog of Lsi1 (Fig. 1). It also shows transport activity for silicic acid in the oocyte 
assay.41 However, different from Lsi1 and Lsi2, Lsi6 is also expressed in the leaf sheaths and leaf 
blades in addition to the root tips. Lsi6 is localized in the adaxial side of the xylem parenchyma 
cells in the leaf sheaths and leaf blades (Fig. 7). Knockout of Lsi6 does not affect the uptake 
of Si by the roots, but affects the silica deposition pattern in the leaf blades and sheaths. The 
density of silicified dumbbell-shape and motor cells in the knockout line is decreased compared 
with the wild-type rice. The abaxial epidermis cells are observed to be silicified in the mutant, 
but infrequently in the wild-type rice.41 Furthermore, knocking out Lsi6 results in an increased 
excretion of Si in the guttation fluid. These results suggest that knockout of Lsi6 results in 
alteration of the Si pathway to the specific cells. A similar transporter ZmLsi6 has also been 
identified in maize.35

Conclusion
As described above, great progresses have been made in identification of Si transporters in 

higher plants. So far Lsi1 and Lsi2 have been demonstrated to be involved in Si uptake by the 
roots, while Lsi6 is necessary for the xylem unloading. However, these transporters are identi-
fied from a limited number of plant species including rice, barley and maize. Therefore, cloning 
of more genes from a wide variety of plant species in future will help to better understand the 
molecular mechanisms of Si uptake in plants. Furthermore, transfer of Si from the external 
solution to the specific plant tissues may require additional transporters, which also remain to 
be identified in the future.
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Figure 6. A schematic presentation of Si transport system in upland crop (maize and barley) 
and paddy crop (rice). In upland crops such as maize and barley, Si as silicic acid is taken 
up from the external solution by the influx transporter (ZmLsi1/HvLsi1) localized to the distal 
side of cells in the epidermis and cortex layer and then transferred to the endodermis through 
symplastic pathway (blue arrows). At the endodermis, the Si is released by an active Si efflux 
transporter (ZmLsi2/HvLsi2) to the stele. In paddy crop such as rice, Si is taken up from the 
external solution by OsLsi1 at the distal side and released to the apoplast of aerenchyma by 
OsLsi2 at the proximal side of the exodermal cells. Silicon is then transported to the stele 
by OsLsi1 and OsLsi2 at the endodermal cells. Reproduced from: Mitani N et al. Plant Cell 
2009; 21:2133-2142; ©2009 ASPB.

Figure 7. Localization of OsLsi6 in the leaf blade (A) and leaf sheath (B) of rice. OsLsi6 is 
localized to the adaxial side of the xylem parenchyma cells. Reproduced from: Yamaji N et 
al. Plant Cell 2008; 20:1381-1389;41 ©2008 ASPB.
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Silicon protects the plants from various stresses, however, most plant species are not able to 
accumulate Si at levels high enough to be beneficial. Therefore, genetic manipulation of Si trans-
porters may help plants to accumulate more Si, thereby improving the plants ability to overcome 
biotic and abiotic stresses in future.
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Abstract

Arsenic (As) is a toxic and highly abundant metalloid that endangers human health through 
drinking water and the food chain. The most common forms of As in the environment 
are arsenate [As(V)] and arsenite [As(III)]. As(V) is a nonfunctional phosphate analog 

that enters the food chain via plant phosphate transporters. Recently, evidence was provided 
that uptake of As(III)—the second most abundant As species in soils—is mediated by plant 
nodulin26-like intrinsic proteins (NIPs), a subfamily of plant major intrinsic proteins (MIPs). 
Specific NIPs are also essential for the uptake of the metalloids boron and silicon and aquaglycer-
oporins from microbes and mammals were shown to be the major routes of As uptake. Therefore 
As(III) transport through MIPs is a conserved and ancient feature. In this chapter we summarize 
the current view on As transport in plants and address the potential physiological significance of 
As(III) transport through NIPs.

Introduction
Arsenic (As) and antimony (Sb) are two closely related metalloids that are toxic for all living 

organisms. Sb is a rather rare element and does usually not reach concentrations high enough to 
act as a threat for life. In contrast, As is highly bio-available and continuous to enter the biosphere 
through erosion of rock material, a process that has been strongly accelerated by human activities.1 
Nriagu and Pacyna estimated anthropogenic release of As to 82,000 metric tons per year.2 Due 
to its low mobility,3 As applied through intense irrigation with As-contaminated ground water, 
is trapped in agricultural soils.

Inorganic As, both trivalent arsenite [As(III)] and pentavalent arsenate [As(V)] are the pre-
dominant chemical species occurring in soils (Fig 1). However, soil chemistry4 as well as microbial 
activities5 form the basis for As cycling and derivatization. As(V) respiring bacteria use As(V) as 
the terminal electron acceptor leading to the formation of As(III). Other bacterial strains oxidize 
As(III) for energy generation and a variety of microbes methylate As in both oxidation states for 
detoxification. Methylated As species monomethylarsonic acid [MMA(V)] and dimethylarsenic 
acid [DMA(V)] have also accumulated in agricultural soils due to the use of these compounds in 
herbicides, pesticides and defoliants, as well as the use of manure from As fed chickens.6 Under 
aerobic conditions, which prevail in well aerated soils, plants are mainly exposed to As(V), whereas 
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under anaerobic, reducing conditions, plants are mainly exposed to As(III). Consequently, water 
logged soils which are low in oxygen, provide conditions to favour the formation of As(III).

Regardless the oxidation state, both forms of As can be taken up by plants and are toxic for 
the plant’s metabolism. As(V) is a nonfunctional phosphate analog that uncouples oxidative 
phosphorylation through competition with phosphate. Thereby As(V) inhibits energy-linked 
reduction of NAD+, mitochondrial respiration and ATP synthesis. As(V) might also interfere 

Figure 1. Characteristics of various chemical species of As. Names, abbreviations indicating 
the chemical valency, chemical structures, median lethal doses (as dose per kilogram of sub-
ject body weight) and the pKa values are listed for some As species that are in the primary 
focus of this book.



113Major Intrinsic Proteins and Arsenic Transport in Plants

with enzymes, which are regulated via phosphorylation or depending on phosphate as cofactor 
in their catalytic cycle.

In plants, phosphorous only occurs in its oxidated form +5 as phosphate. In contrast, As(V) 
taken up from the soil into the reducing environment inside cells, is reduced to As(III) via As 
reductases.7,8 As reductase thus plays a key role in As(V) detoxification because it deviates As 
metabolism from phosphate metabolism. However, also in its reduced form As(III), As is highly 
toxic. Toxicity of As(III) is based on its reactivity towards sulfhydryl groups in cysteine residues 
and the imidazolium nitrogen in histidine residues leading to interferences with general protein 
function.9

Our picture about As in the environment and in plants has changed during the last years. Thirty 
years ago, As was considered far below toxic limits in edible parts of the plants, even when the crop 
was grown at conditions of severe phytotoxicity.10 Since then, we had to realize that the content of 
As in various products in fact is at dangerous levels. Performing a market survey, Andrew Meharg 
and coworkers found substantial concentrations of As in rice and rice products in the United States 
and Japan. Taking statistics for habits of consumers into considerations, they estimated the average 
daily exposure to inorganic As from eating rice cereals to be at least 0.0042 mg.11 Processing of rice 
grain in some cases even leads to further enrichment of inorganic As, which is of major concern in 
case of rice bran, which has been marketed as super-food to malnourished children in international 
aid programs.12 Meharg and coworkers point out that there is no maximum concentration level 
set for As or its chemical derivates in food stuffs yet.12

At the same time, epidemiological studies reported about the risks and consequences connected 
to As exposure. A tragic story about pollution of drinking water and of agricultural soil caused by 
irrigation practices in West-Bengal and Bangladesh, has developed into an ‘experiment of life’.13 
From here we know that long-term exposure to As also leads to cancer, affecting the lungs, bladder 
and kidneys [http://www.iarc.fr/].

Today, ingestion of plant products represents the 2nd largest source of As for humans. There 
is a clear need to react on this problem at global level. This includes agricultural practices, grain 
processing and food production as well as plant breeding strategies and the use of biotechnology. 
Safe crops containing low As levels should be available for food production.

In this chapter, we discuss the fundamental processes of As transport and metabolism which 
are the basis for the ability of different species to either tolerate, accumulate or release As. 
Understanding the genetic basis of these processes is likely to provide tools in breeding and biotech-
nological strategies aiming at reducing As in crops. The knowledge may also be crucial in strategies 
of gross food production and the orientation of markets. Is rice a good choice as staple food in the 
future? Which crop and variety can be grown at which degree of pollution? Our main focus will 
be on the role of NIP-aquaporins in mediating transmembrane transport of As(III) in plants.

The Challenge of As Speciation in Plants
Inorganic As(V) and As(III) are the most toxic as well as the most abundant As species in the 

environment (Fig. 1). Organisms have consequently developed strategies for the detoxification of 
As, that typically involve incorporation of As into organic compounds which are far less detrimental 
for cells. An extreme example is arsenobetain a common and abundant As species in fish which is 
harmless even at concentrations of 200 mg kg-1 dry mass.14

Because of the highly distinct toxicity of various forms of As, there has been substantial inter-
est in As speciation in plants and plant products. However, speciation of As in plant extracts has 
remained a challenge. Plant cells are highly compartmentalized by intracellular membranes that 
separate different microenvironments in close proximity. During cell extraction, compounds that 
had been compartmentalized in the intact tissues become exposed to conditions that can lead to 
chemical modifications and consequently erroneous speciation.15 This is in particular a problem 
for the speciation of As in various redox states and conjugations.

Reliable data for As speciation and localization came from non-invasive methods using spec-
troscopy. Such methods revealed large differences between the concentrations of free As(III), 
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As(V) and thiol-As(III)-complexes in different plant organs of Pteris vittata, Brassica juncea, Pisum 
sativum, Prosopis spp. and Raphanus sativus.3,16-20 The data proof that various plant species differ 
quite substantially in As speciation and localization, but also demonstrate that As(III), followed 
by thiol-As(III)-complexes and As(V) are the most prevalent forms of As across various species.

The experimental challenge to dissect the exact localisation and routes of the different As species 
in space and time have hampered the identification of plant transport proteins responsible for the 
uptake, extrusion and translocation of diverse As containing compounds.

Transport of As in Plants
In the 1950s, Emanuel Epstein described transport processes across membranes of plant cells 

by applying terms and processes from enzymology. He found that similar rules applied to enzymes 
and transporters, provided, the transport process was active, thus either consuming energy in the 
form of ATP (pumps) or being coupled indirectly to ATP hydrolysis via a concentration gradi-
ent across a membrane such as the proton gradient, which to establish costs ATP. Such transport 
processes reveal Michaelis Menten kinetics and are regarded as saturable, active transport processes. 
In contrast, transport processes characterized by a linear relationship between substrate concentra-
tion and transport activity are considered passive but are potentially of high capacity. Such passive 
transport across the lipid bilayer of membranes can be based on simple diffusion. However, the 
diffusion of larger and polar compounds is strongly facilitated by membrane integral protein 
channels and in particular by major intrinsic proteins (MIPs).

As(V) Uptake
Kinetic analysis and competition between As(V) and the highly similar phosphate suggested 

that uptake of As(V) is catalyzed by high affinity phosphate transporters.21-25 Later, a double in-
sertion line of Arabidopsis thaliana, lacking the two major phosphate transporters AtPht1;1 and 
AtPht1;4 showed a clear decrease in sensitivity to externally supplied As(V) when compared to wild 
type.26 Another Arabidopsis mutant line, which is impaired in intracellular protein trafficking,27 is 
also more resistant to As(V) than wild type. In this mutant, the phosphate transporter Pht1;1 is not 
trafficked to the plasma membrane but is retained in the ER. These experiments provide genetic 
evidence for high affinity phosphate transporters being involved in As(V) uptake by plants.

Until recently, phosphate transporters have been in focus for biotechnological strategies to either 
reduce As content in plants for food production or to increase As uptake for phytoremediation. 
However, increasing uptake of As(V) is a complex strategy as it implies the need for increased 
tolerance of the plant to keep up with the increased As content and concomitantly increased stress 
level. The alternative strategy—to reduce uptake of As(V) in the food chain by down-regulation 
of phosphate uptake systems—appears counter productive. In agricultural systems, that aim to 
be highly productive, it is not rational to generate by breading or biotechnology varieties with 
reduced phosphate uptake capacities, as this would result in phosphorus deficiency and conse-
quently severely limited yields.

As(III) Transport Via NIPs—Gateway for Good and Bad
Uncharged, tetrahedral As(III) is a rather large and polar molecule, thereby possessing charac-

teristics that limit passive diffusion across biological membranes. In rice, uptake of As(III) at low 
external concentration fitted Michaelis-Menten kinetics suggesting an active uptake process.28 At 
higher substrate concentration, however, the influx correlated with As(III) concentration in a linear 
fashion in agreement with a passive uptake pathway. As opposed to rice, in Brassica carinata29 and 
the ericoid mycorrhizal fungus Hymenoscyphus ericae, uptake kinetics for As(III) strictly displayed 
linear correlations between the external concentration and influx.30 Thus it appeared that there are 
different routes for the transport of As(III) into plants, an active transport system, as measures in 
rice and a high capacity diffusion-based transport system, that appeared to be widespread from 
plants to fungi. In organisms such as bacteria, yeast and mammals, aquaglyceroporins had already 
been identified that channelled As(III) and Sb(III) (see also chapters by Rosen and Tamas as well 
as Liu in this book).
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Aquaglyceroporins are solute channels that together with aquaporins (AQPs) form the super 
family of major intrinsic proteins (MIPs) (see also the chapter by Danielson and Johanson in this 
book). In higher plants, all channels of the plant MIP family including PIPs, TIPs, NIPs, HIPs, 
XIPs and SIPs belong to the AQPs. The only exception in the plant world is PpGip1;1, a MIP from 
the moss Physcomitrella patens, which displays similarity to microbial and mammalian aquaglyc-
eroporins.31 It seems that aquaglyeroporins had lost their role in higher plants, while other MIPs 
might have taken over their functions.

The overall structure of MIPs is highly conserved, although the primary sequences vary quite 
substantially. All MIPs are composed of six transmembrane helices and two membrane embed-
ded loops that form a channel path across the membrane. Two constriction regions are found in 
the channel path. One is formed by two highly conserved NPA repeats, which—in the folded 
protein—constitute the centre of the channel path. The second constriction region is located 
about 6 Å towards the extra-cytoplasmic side and is more variable in sequence. This region, also 
called the aromatic arginine (ar/R) constriction region, has been demonstrated to be important 
for substrate selectivity. Among the plant MIPs, the ar/R pore signatures of NIPs share amino acid 
substitutions with both AQPs and aquaglyceroporins. Additionally, when functionally assayed in 
a heterologous expression systems some NIPs channel glycerol.32-35 Therefore NIPs in plants were 
likely to be the functional analog of aquaglyceroporins in other organisms and were believed to 
be the group of plant AQPs that had acquired the function analog to that of aquaglyceroporins 
in microbes and mammals.

A comparison of structural and electrostatic characteristics of glycerol, As(III) and Sb(III) 
revealed their high similarity.36 It was concluded that a channel that transports glycerol should also 
permeate As(III) and Sb(III). The pore diameter in the ar/R selectivity filter of certain NIPs was 
shown to be even wider than the pore diameter of the aquaglyceroporin GlpF.37,38 This suggested 
the passage of larger molecules than glycerol through NIPs. This interpretation was supported by 
the discovery that members of the NIP subfamily have physiological roles as channels for boric acid 
[B(OH)3]39 and silicic acid [Si(OH)4],40 two other hydroxylated metalloids (see also the chapter 
by Miwa et al and the chapter by Ma in this book).

The first molecular evidence to show, that As(III) is transported through plant NIPs came from 
experiments expressing the channels in yeast and Xenopus oocytes.41-44 Expression of plant NIPs 
in a yeast triple mutant impaired in their endogenous As transport proteins FpsI, Acr3 and Ycf1 
resulted in increased uptake and sensitivity to As(III). Notably, on medium containing As(V), 
expression of most NIPs significantly improved growth of the mutant yeast. This observation led 
to the hypothesis that NIPs may serve a function in As tolerance through efflux of As(III) that may 
build up as a consequence of intracellular As(V) reduction.41 In any case, NIPs are bi-directionally 
permeable for As(III) and can therefore play a physiological role in both the influx as well as the 
efflux of this toxic metalloid.

Genetic Evidence
A forward genetic screen is an elegant method for the identification of gene functions. Forward 

genetic screens make use of mutant collections—large populations of mutant lines—that have 
been generated by random mutagenesis using radiation or chemicals as mutagenes. The seeds 
used for such a screen are obtained from self-pollination of the M1 mutant population to obtain 
a substantial ratio of lines with the mutated allele present in a homozygote fashion. Under most 
conditions, loss of gene function results in a growth disadvantage. In forward genetic screens, 
however, growth conditions are created, in which the loss of function due to mutation of a gene, 
leads to a growth advantage. Kamiya et al43 applied a forward genetic screen to identify putative 
transporters with a role in the uptake of toxic As(III) into roots. As consequence of the loss of gene 
function, mutants impaired in the uptake of As(III) were expected to show a growth advantage on 
As(III)-containing medium when compared to wild type. They generated an EMS induced popula-
tion of Arabidopsis, a treatment that results in random mutagenesis across the chromosomal DNA. 
Mutants (M1 generation) were self crossed and 30,000 M2 lines of this population were grown 
on medium containing 15 �M As(III), a concentration which reduced root growth of wild type 
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plants to 20% of controls grown in the absence of As(III). The authors isolated three independent 
As(III) tolerant lines, all of which showed to be mutated in the aquaporin AtNIP1;1.43

T-DNA insertion collections are an alternative source of material to proof gene function in 
plants. T-DNA insertion lines are generated by transformation of a transfer DNA containing a 
resistance gene allowing the easy identification of successfully transformed lines. The randomly 
inserted T-DNA leads to gene disruption at various places in the genome of the plant. Several 
Arabidopsis insertion collections have been built over years, where the transferred DNA has been 
mapped by border-sequencing. Therefore, insertions in specific genes of interest can be purchased 
for reverse genetic studies. As opposed to the forward genetic study, here the gene is well known, 
but the physiological role may be completely unknown. The T-DNA insertion line nip1;1-1 in 
which the T-DNA was placed in NIP1;1 showed increased tolerant to As(III) when compared to 
wild type plants similar to the mutants identified in the forward genetic screen.43

Complementary DNAs of wild type AtNIP1;1 as well as the mutants identified from the EMS 
collection were generated by PCR and expressed in Xenopus oocytes for transport assays. This 
allowed to directly assay the effect of mutations on the transport of As(III) and confirmed that 
AtNIP1;1 has a dominant role in As(III) uptake in Arabidopsis.43

T-DNA insertion lines for nip1;2-1, nip3;1-1, nip4;1-1, nip5;1-1, nip6;1-1 and nip7;1-1, did 
not show any significant tolerance to As(III) in the growth medium. This was initially surprising, 
as AtNIP1;2, AtNIP5;1, AtNIP6;1 and AtNIP7;1 had been shown to be permeable for As(III) 
when expressed in heterologous systems41-43 and as AtNIP7;1 appeared to contribute to uptake 
of As(III) in Arabidopsis.42

Uptake and Distribution of As in Rice and the Consequences 
for the Food Chain

A forward genetic screen in rice resulted in the identification of various transporters for silicic 
acid (see also the chapter by Ma in this book). Ma and coworkers germinated rice seeds from a mu-
tant population on medium containing germanium hydroxide [Ge(OH)3].40,45 Germanium is a rare 
metalloid, chemically similar to silicon (Si) but—like As—toxic to plants at elevated concentration. 
Thus, similar to the forward genetic screen applying As(III) to Arabidopsis mutant lines, applica-
tion of Ge(OH)3 to rice mutants allowed the selection of lines defective in Ge(OH)3 uptake. From 
this screen, low Si mutants lsi1 and lsi2 were identified, which suffered from Si deficiency at low 
external concentration.40,45 Whereas mapping the gene locus for lsi1 resulted in the identification 
of OsNIP2;1, Lsi2 turned out to be a transporter with homology to citrate exporting transporters. 
Lsi2 is an active transporter that is localized in proximal plasma membrane domains of exodermis 
and endodermis cells, membrane domains that face the interior of the root, the vascular tissue, which 
function in translocation of water and nutrients to the shoot. The NIP aquaporin Lsi1/OsNIP2;1 
is expressed in the same cells but—after synthesis in the endoplasmic reticulum—targeted to distal 
plasma membrane domains facing the root surface. Thus, Lsi1/OsNIP2;1 and Lsi2 are expressed 
in opposite plasma membrane domains in two single-celled cell layers and cooperate in the uptake 
and translocation of Si(OH)4 to the transpiration stream (see also the chapter by Ma in this book). 
Active extrusion of Si(OH)4 by Lsi2 creates and maintains a concentration gradient of Si(OH)4, 
which is the driving force for the diffusion of Si(OH)4 through the NIP aquaporin channel Lsi1/
OsNIP2;1, the primary site for uptake of Si(OH)4 into rice roots.

It became rapidly clear that Lsi1/OsNIP2;1 and Lsi2 also transport As(III).44 Thus Lsi1/
OsNIP2;1 and Lsi2 are likely to represent the molecular mechanisms for high capacity and high 
affinity As(III) uptake systems, respectively, which had been described in earlier physiological 
studies in rice.28 OsNIP2;1 mutant plants (lsi1) which lack the capacity to take up Si showed 
significantly reduced As(III) uptake in short-term uptake measurements when compared to wild 
type plants. Expression of OsNIP2;1 in rice roots is strongly induced in response to low Si(OH)4 
in the soil. In turn, supplementation of soil with silicic acid reduces expression of OsNIP2;1 and 
consequently reduces the uptake of As(III). These results suggest that OsNIP2;1 provides the 
major pathway for As(III) uptake in rice roots.
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Measuring short-term uptake, lsi2 mutant plants showed no difference in As(III) uptake when 
compared to wild type.44 In long-term measurements, however, lsi2 showed a 75% reduction of 
As in shoots and a 90% reduction As in the xylem sap, indicating that Lsi2 is important for the 
translocation of As(III) from root to shoot. Another interesting observation in the study of As 
uptake in these mutants is, that As content in different tissues were quite differentially affected 
by mutations in Lsi1 and Lsi2. Whereas As content in the xylem sap in lsi2 was reduced by 90%, 
total shoot As was only reduced to 75% and strikingly, grain content of As in lsi2 was still 50% 
of wild type, suggesting that the remaining 50% must have entered the grain by other means than 
Lsi2. Field-grown lsi1 mutant plants had lower concentrations of As in straw but roughly the same 
As levels in grain and husk when compared to wild type. These observations show that there is 
a preferential flow and accumulation of As in the grain. Because As in rice in mainly present as 
As(III) it is tempting to speculate that other NIP isoforms and Lsi2 homologs in rice are involved 
in the specific pattern of As flow in rice plants. In fact, expression of OsNIP1;1, OsNIP2;2 Lsi6 
and OsNIP3;1 in yeast and oocytes41,44 clearly proofed their capacity to channel As(III) across 
membranes. OsNIP2;2/Lsi6 is localized in leaf sheath cells surrounding the vascular tissue in leaves 
and has been ascribed a role in the deposition of silicic acid in leaf cell walls.46

Also in Arabidopsis, a number of NIP paralogs namely AtNIP5;1, AtNIP6;1 and AtNIP7;1 
proofed to channel As(III) when heterologously expressed in yeast (see Table 1).41 In vivo studies 
in Arabidopsis however did not support a role of these NIPs in As(III) uptake, maybe because 
these isoforms are down regulated in the presence of As(III).43,44 However, it remains to be tested 
whether these isoforms play a role in As(III) distribution in these plants.

Rice NIP2;1 Mediates the Uptake of Methylated As Species
Methylation of inorganic As is a mechanism of detoxification in both microbes and mam-

mals. In mammalian cells, As(III) is methylated to various degrees and MMA accounts for a large 
proportion of total cellular As.47,48 Methylated As(III) species are primarily formed in the liver 
and are excreted into the bile and urine (see also the chapter by Liu in this book). Interestingly, 
AQP9, which is highly expressed in the liver, has a three times higher capacity to channel MMA 
than inorganic As(III).49 AQP9 may thus have a function in As detoxification.

Also plants contain relatively large amounts of methylated As species with up to 80% of total 
As.6,50 However, despite of a single investigation reporting on methylase activity in leaf extracts 
from the grass Agrostis tenuis,51 no methylases for As(III) or As(V) have been identified in plants on 
the molecular level. Other than in microbes and mammals, in plants, methylated As may therefore 
mainly result from uptake from the soil rather than from synthesis. Methylated As compounds 
in natural soils originate from microbial activity. However, the former use of As-containing her-
bicides, pesticides and defoliants has substantially increased the concentration of methylated As 
species in agricultural soils.

Although inorganic As is taken up more readily than methylated As, plants can contain large 
amounts of methylated As species.52-57 This suggests that methylated As species tend to accumulate 
in plants. It is therefore important to understand, how methylated As species enter the plant.

Kinetic studies on the uptake of MMA and DMA in rice and maize did not provide clear informa-
tion about the mechanism of transport.28,58 Among 46 plant species tested, large variations were mea-
sured in the absorption and translocation efficiencies for As(V), MMA(V) and DMA(V).53 Recently, 
NIP aquaporin Lsi1/OsNIP2;1 in rice, the primary site for the uptake of Si(OH)4, proofed to be the 
main pathway for uptake of methylated As species.59 The mutant lsi1 when exposed to methylated As 
species in the growth medium contained 80% and 50% less MMA(V) and DMA(V), respectively, 
when compared to wild type plants.59 At a large range of concentrations, the uptake of DMA(V) in 
wild type was about three times higher than in lsi1 mutant plants. The short-term uptake kinetics of 
MMA(V) was described by a Michaelis-Menten plus a linear kinetic. However, lsi2 mutant plants 
showed no changed uptake capacity of methylated As species compared to the wild type plants. 
These experiments clearly demonstrate that Lsi1/OsNIP2;1 mediates the influx of methylated As 
species into rice roots. However, the molecular basis for the high affinity uptake system has not been 
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identified. It will be important to characterize the potential role of other NIPs and other putative 
transporters in the uptake or translocation of MMA(V) or DMA(V) in plants.

Table 1. As(III) transporting aquaporin homologs, comparison of the constriction 
region and summary of the metalloid transport capacity. Aquaporin 
homologs tested for transport of As(III) and other metalloids in different 
test systems. The tetrad of amino acids from transmembrane helix 2 (R1), 
transmembrane helix 5 (R2) and 2 residues from loop E (R3 and R4) that 
constitute the selective filter are displayed. The capacities to channel the 
influx or efflux of As(III) of the tested MIPs in various growth and transport 
assays are indicated (+, transport; -, no transport; nd, not determined)

Name
Residues Constituting 
the Selectivity Filter

Arsenite Transport
Shown in

Other 
Transported 
Metalloids References

Rl R2 R3 R4 Yeast Oocyte
Homolog 
System

AtNIPl;l W V A R – + + Antimonite 41,81

AtNIPl;2 W V A R – + – 41,81

AtNIP5;l A I G R + nd – Antimonite 
Boric acid

39,41-43

AtNIP6;l A I A R + nd – Antimonite 
Boric acid

41-43,82

AtNIP7;l A V G R + nd +/− Antimonite 41-43

OsNIPl;l W V A R – + nd 41,44

OsNIP2;l G S G R + + + Antimonite 
Boric acid 
DMA(V) 
MMA(V) Silicic 
acid

40,41,44, 
46,59

OsNIP2;2 G S G R + + – Antimonite 
Silicic acid

41,44,45

OsNIP3;l A A G R nd + nd Boric acid 44,71

OsNIP3;2 A A A R + nd nd Antimonite 41

LjNIPS;l A I G R + nd nd Antimonite 41

LjNIP6;l T  I A R + nd nd Antimonite 41

rAQP9 F S C R + + nd Antimonite 
MMA(III)

41,49,83, 
84

hAQP9 F A C R + + nd Antimonite 83,84

ScFpsI W N T R + nd + Antimonite 
Boric Acid

41,64

hAOP7 F G Y R nd + nd 83,84

EcGlpF W G F R + nd + Antimonite 85

SmAqpS T A S V nd nd + Antimonite 73

LmAQPl W G Y R nd + + Antimonite 86,87
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Transport of Conjugated As Species in Plants
Inside plants (like in most other organisms) As(V) is reduced by As(V) reductases to the 

more mobile but more toxic As(III).7,8,60 Concomitantly, there is an induction of the synthesis 
of glutathione (GSH) and phytochelatins (polymers of glutathione). Both compounds are able 
to complex As (thiol-As(III) complexes) and account for an enhanced tolerance towards the 
metalloid.61-63 Depending on the plant and the organ, the amount of complexed As(III) varies 
quite substantially but can account for up to 90% of total As(III).17,19 In yeast, chelated As(III) is 
detoxified by sequestration into the vacuole via an ATP Binding Cassette (ABC) transporter.64 
Arabidopsis and rice possess more than 120 members of the ABC transporter family.65 Although 
As(III)-thiol-complexes are frequently found in plants, yet there is no molecular evidence for 
transport of As(III)-thiol-complexes via a plant ABC transporter.

What Do the Different “Omics” Tell Us About NIP-Mediated 
As Transmembrane Transport?

Sequencing projects for various plant species have allowed the development of new tools for the 
analysis of protein expression and modification on large scale. Transcriptomics and proteomics are 
the main approaches, which allow to record global expression and protein modification profiles 
under adverse environmental conditions and to compare those profiles with those obtained during 
standard growth condition.

Requejo and Tena studied the effect of exposure of maize to As(V) and As(III) on the pro-
teome of roots and shoots.9,66 About 10% of the detectable proteins in maize were differentially 
regulated upon exposure to As. Most of these proteins are involved in cellular homeostasis for 
redox perturbation. However, no clear hints were provided as to the regulation of proteins involved 
in transport of As.

A whole-genome oligonucleotide microarray was employed to investigate the transcrip-
tional responses of Arabidopsis thaliana plants exposed to As(V).67 Similar to the study in maize, 
antioxidant-related genes (i.e., coding for superoxide dismutases and peroxidases) were strongly 
upregulated suggesting a prominent role in response to As(V). However, none of the Arabidopsis 
NIPs appeared to be significantly regulated.

Recently, a whole-genome transcriptional analysis in combination with a genetic mapping of 
loci for As tolerance in two rice varieties provided new insights into the nature of As toxicity and 
the mechanisms of tolerance.68,69 The transcriptional analysis focused on genes that are differentially 
regulated in both, the As(V)-tolerant variety Bala and the As(V)-sensitive variety Azucena. A large 
number of transcription factors, stress proteins and transporters such as phosphate-, sulphate-, ABC- as 
well as multidrug and toxic compound extrusion (MATE) transporters showed differential expres-
sion. In addition, two MIP isoforms (Os05g14240 � OsTIP2;3 and Os12g10280 � OsNIP3;5) were 
specifically down regulated in the tolerant variety Bala.68 Yet, TIPs have not been shown to transport 
As (Table 1). However, OsNIP3;5 represents an interesting candidate with potential physiological 
relevance in As transport, although its capacity to channel As(III) remains to be shown.

The concomitant genetic mapping let to a remarkable three-gene model of tolerance which appears 
to involve an epistatic interplay of three genes, two on chromosome six and one on chromosome 
ten.69 Any combination of two of these three genes—inherited from the tolerant Bala parent—leads 
to As(V) tolerance and increased root growth in the presence of As(V) when compared to lines that 
received only one or none of the three alleeles. All the three genes seemed to be specific for As(V) 
tolerance, as they are not found in quantitative trait loci for general root growth.

At one of the loci there were only two genes that are differentially regulated between the 
two rice varieties under As(V) treatment. These are an aminoacylase-1 (Os06g10770) and the 
aquaporin OsNIP4;1 (Os06g12310). Both show higher expression levels in roots of the tolerant 
variety Bala. Further work is needed to substantiate the hypothesis that OsNIP4;1 has a role in 
As(V) tolerance.

Using a different rice cultivar, Chakrabarty et  al70 reported on a genome wide expression 
analysis of seedlings exposed to As(III) or As(V). A number of genes that were differentially 
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regulated under As(V) stress in the study of Norton et  al68 were similarly regulated in this 
study. Here, OsNIP3;1 (Os10g36924) was down-regulated in response to As(III) but not to 
As(V). OsNIP3;1 was shown to be permeable for As(III) when expressed in Xenopus oocyte.44 
OsNIP3;1 is the closest homolog to AtNIP5;1, both of which were shown to be essential for the 
uptake of B(OH)3 in Arabidopsis39 and rice,71 respectively (see also the chapter by Miwa et al in 
this book). The data suggest that upregulation of OsNIP3;1 upon boron (B) limitation would 
lead to increased uptake of toxic As(III). In turn, down-regulation of OsNIP3;1 in the presence 
of As(III) might represent a molecular response to reduce As(III) uptake under this conditions. 
It would be interesting to test whether As(III)-responsive DNA binding elements interfere with 
the transcription of OsNIP3;1.

The above-mentioned studies provide accumulating evidence that regulation of NIPs is involved 
in As tolerance in rice. Expression data indicate that NIPs are usually expressed at very low levels 
and only present in restricted cell types and tissues. Even though the exact expression for many of 
these genes is not known yet, the detection of expressional changes in microarray studies may in 
fact reflect dramatic changes in expression within specific cell types and tissues.

The Physiological Role of NIPs
Arsenic is commonly recognized as a threat for life. The exposure to As results in a number 

of specific cell responses but also in increased oxidative stress response. Such cross responses may 
explain the initially unexpected beneficial effects of As on plant growth such as corn roots grown in 
culture.72 However, the permeability of MIPs to As(III) has certainly not evolved to serve the uptake 
of As(III) from soil. Rather it is likely that As(III) permeability is the result of physicochemical 
similarity between As(III) and other hydroxylated metalloids. Alternatively it is possible that NIPs 
have evolved to aid plants in As resistance and detoxification. A common strategy amongst different 
organisms is to reduce As(V) to the more mobile As(III), which is subsequently sequestered or 
extruded (see also the chapter by Rosen and Tamas in this book). In the bacterium Sinorhizobium 
meliloti, a MIP gene is part of its As resistance operon and constitutes the only transport protein 
of that organism to extrude As(III).73 If MIPs do play a role in As detoxification in plants is still 
a matter of speculation. However, a physiological study in rice and tomato has provided evidence 
for a high capacity As(III) efflux system in roots.74 Feeding tomato and rice roots in hydroponic 
culture with As(V) resulted in uptake, reduction and rapid, subsequent release of As(III) back 
in the medium. It was shown that As(III) efflux exceeded As accumulation 3 times within 24h 
of exposure. Such cycling of As involving plant roots may be responsible for the accumulation of 
As(III), which was measured in the vicinity of plant roots grown in aerobic soil.75,76 In aerated, 
aerobic soils, As(III) will eventually enter the As cycle and become reduced back to As(V) (see 
also the chapter by Lombi and Holm in this book). However, the oxidation of As(III) in the 
soil is slower compared to the reduction and extrusion by plant roots, potentially establishing a 
mechanism to reduce the net As content in plants. Some data however strike the involvement of 
NIPs in the extrusion of As(III): The application of a protonophore and an uncoupler of oxidative 
phosphorylation inhibited the As(III) efflux in rice,74 suggesting that an active transport system 
similar to bacterial ArsB or yeast Acr3p catalyses As(III)-extrusion. However, such inhibitors are 
not very specific and may have more general negative effects on growth and physiology. Therefore, 
inhibitor studies only provide limited proof for molecular functions, and the possibility that NIPs 
are involved in root As(III) extrusion remains a possibility. Passive diffusion of As(III) through 
NIPs would provide a low-cost, highly efficient mechanism for rapid extrusion of As(III) from 
the roots to the rhizosphere.

Do MIPs Play a Physiological Role in the Translocation of Toxic Compounds 
Such as As(III)?

MIPs are channel proteins. The energy for transport of substrates across channels is provided 
by the concentration gradient across the membrane. As MIPs are bi-directional channels, the 
direction of transport should be governed by the direction of the gradient across the membrane. 
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If the substrate is a toxic compound, like it is the case for As(III), the channel may facilitate the 
release of the compound from the cell, provided the extracellular concentration is lower than the 
concentration inside. This would indeed be the case for plant roots in aerobic soils, where inside 
the cell, As(V) is continuously reduced to As(III), which in turn becomes oxidized to As(V) in 
the soil. NIPs located at the distal cell membrane domains of the epidermis or the endodermis 
could aid the plants to survive by keeping As efficiently out of the root and the central vascular 
tissue and to prevent the transport of As(III) to the shoot.

However, if the external concentration of the toxic compound is higher than the intracellular 
concentration, the channel will facilitate the uptake of the toxic compound. Under changing envi-
ronmental conditions in the soil as for example under flooding, As(V) will be reduced to As(III). 
Under such conditions, gating the channel or reduced expression of the channel may provide a 
means to minimize As(III) influx and uptake in the transpiration stream. Also, the redirection of 
trafficking of the channel to other cell membrane domains may be a mechanism to regulate As(III) 
flux under adverse conditions.

Fps1 in yeast is regulated in response to extracellular As(III) via the well-characterized MAPK 
Hog1p pathway. Here, the N-terminal domain functions as a lid to close the channel and to avoid 
As(III) uptake.77 Interestingly, extracellular As(V) did not lead to gating of Fps1p. Therefore in 
a changing environment with varying redox-potential, this regulation of Fps1p ultimately should 
results in a preferential flux of As(III) out of the cell.

Alternatively to gating by an intra-molecular, conformational change, a catalytic helper protein 
could be involved in channel regulation, similar to a mechanism known for a metallochaperon 
that interacts with the bacterial As(III)-extrusion-pump, ArsAB.78 Interaction with the metal-
lochaperon increases ArsAB activity.

Regulating Bi-Directional Flux Through MIPs
There are other potential molecular mechanisms that may directly influence the direction 

of flux through NIPs. Such mechanisms would result in asymmetric influx- and efflux-capacity. 
Quantitative measurements to proof asymmetrical flux through a channel itself would require 
the incorporation of purified channels into planar lipid bilayers, with all channel proteins being 
inserted into the lipid bilayer in the same orientation facing the cytoplasmic side to one and the 
extracytoplasmic side to the other direction. This would allow to apply concentration gradients of 
substrates from either side of the channel opening and to quantify the corresponding fluxes across 
the artificial membranes. Unfortunately, such measurements have not been performed for NIPs 
and As(III) as substrate. However, some physiological measurements, indeed suggest that NIPs 
provide a preferential direction of flux out of the cell when expressed in yeast.41 When compared 
to rat AQP9, AtNIP5;1 and AtNIP6;1 from Arabidopsis proofed to be very efficient to efflux 
As(III) upon external addition of As(V). However, yeast expressing the same NIPs suffered less 
from externally supplied As(III) than yeast expressing rat AQP9. Therefore, the Arabidopsis NIPs 
seemed to be more efficient in As(III) efflux but less efficient in influx when compared to AQP9. 
Either, one of the channels must be regulated in the heterologous system, or structural differences 
of the channel path provide a means to discriminate As(III) from inside versus outside.

Rougé and Barre79 modelled the chemical environment through NIP isoforms belonging to 
the functional subgroups NIPII and NIPIII, both of which have been shown to flux As(III) (see 
Table 1). The model suggested a bipartite/uneven distribution of electric charges along the channel 
pathway, in which the extracellular vestibule was more electropositively charged and the cytosolic 
vestibule was more electronegatively charged. These dissimilar physicochemical environments 
at opposing vestibules of the channel could cause a different accessibility of polar molecules like 
As(III) or other metalloids each in a specific manner, thereby providing a pathway with preferential 
direction of flow across the membrane.

In conclusion, it remains to be resolved, if plant NIPs play a physiological role in As(III) 
detoxification. In other organisms, some of the above mentioned mechanism to regulate MIPs 
for a directional flux of As(III) do indeed exist, in line with the observation that certain MIPs are 
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physiologically important for the efflux of hazardous solutes: (i) ScFps1p is gated in response to 
As(III) but not As(V) allowing intracellular As(III) to efflux from the cell77 (ii) SmAqpS, from 
Sinorhizobium meliloti is part of the As resistance operon where it has become part of a machinery 
to efflux toxic As(III)73 and (iii) the aquaglyceroporin, PfAQP, from Plasmodium falciparum was 
suggested to play a key role in the release of toxic concentrations of NH3 out of the parasite.80

Plant NIPs Transport Trivalent Antimony
Like As, Sb represents a toxic metalloid for all kind of living beings. As opposed to As, however, 

Sb is very rare in the biosphere (abundance of Sb in the Earth’s crust range from 0.2 to 0.5 parts 
per million). The most important use of Sb is as a hardener in lead for storage batteries, as solders 
and other alloys and as base material for munitions. Our daily contact to Sb in particular to Sb(III)
is probable due to its usage in flame-retardant formulations. These flame-retardant applications 
include products such as children’s clothing, toys, floors, tablecloths, curtains, aircraft and auto-
mobile seat covers. More-over pentavalent Sb containing drugs are still the first line of treatment 
for infections with Leishmania parasites (leishmaniasis) (see also the chapter by Mukhopadhyay 
and Beitz in this book). Apart from mining sites or sites of high munition usage Sb does not reach 
concentrations high enough to act as a general threat for organisms including plants.

The capacity to mediate the transport of Sb(III) seems to be conserved in NIPs. We observed 
that expression of a number of As(III)-permeable NIPs from A. thaliana (AtNIP5;1, AtNIP6;1 
and AtNIP7;1), L. japonicus (LjNIP5;1 and LjNIP6;1) and O. sativa (Lsi1/OsNIP2;1, OsNIP2;2 
and OsNIP3;2) in yeast also increased the sensitivity to Sb(III).41 Also nip1;1-1 showed reduced 
sensitivity to Sb(III),

43 together suggesting that the capacity to mediate the transport of Sb(III) 
and As(III) is conserved in NIPs (see Table 1). However, expression of various NIP isoforms in 
yeast did not always lead to the same level of sensitivity towards both metalloids,41 suggesting that 
NIPs do discriminate between these highly similar metalloids.

Conclusion
Arsenic in the environment represent a serious global problem. Arsenic enters the food chain 

via bioaccumulation in crop plants and As(III) is the major form of As in plants. Recent research in 
plant molecular biology has revealed that NIPs channel As(III) and play a major role in uptake and 
distribution of As(III) in plants. From biotechnological perspective, this opens the possibility to 
generate crop varieties with reduced content of As. There is a need to understand the contribution 
of NIPs in uptake and relocalization of As in various plant organs to bypass the grain as a major 
destination for the flow of As within the plant. The result of this research is also relevant for the 
use of plants in strategies to clean up polluted sites. Understanding the molecular mechanism of 
As accumulator plants such as the fern Pteris vittata provide a lesson on how plants can maximize 
As uptake by simultaneously avoiding toxicity.

Various environmental conditions probably forced plants to develop different pathways for 
As resulting in a molecular interplay between phosphate transporters, As reductases, NIPs and 
potentially other players. To implement the recent knowledge in breeding and biotechnology 
requires further understanding of metalloid transport in plants. NIPs do not only channel As(III) 
but also hydroxylated forms of essential and beneficial metalloids such as B and Si, respectively. 
In two of our model plant species, rice and Arabidopsis, we have just begun to understand the 
complexity of metalloid uptake and redistribution. More genes of the NIP family will have to be 
cloned and characterized from other species and in particular crop plants and their specific in 
vivo-roles need to be characterized.
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Abstract

Biological membranes define the structural and functional boundaries in living cells and 
their organelles. The integrity of the cell depends on its ability to separate inside from  
outside and yet at the same time allow massive transport of matter in and out the cell. Nature 

has elegantly met this challenge by developing membranes in the form of lipid bilayers in which 
specialized transport proteins are incorporated. This raises the question: is it possible to mimic 
biological membranes and create a membrane based sensor and/or separation device?

In the development of a biomimetic sensor/separation technology, a unique class of membrane 
transport proteins is especially interesting—the major intrinsic proteins (MIPs). Generally, MIPs 
conduct water molecules and selected solutes in and out of the cell while preventing the passage 
of other solutes, a property critical for the conservation of the cells internal pH and salt concen-
tration. Also known as water channels or aquaporins they are highly efficient membrane pore 
proteins some of which are capable of transporting water at very high rates up to 109 molecules 
per second. Some MIPs transport other small, uncharged solutes, such as glycerol and other 
permeants such as carbon dioxide, nitric oxide, ammonia, hydrogen peroxide and the metalloids 
antimonite, arsenite, silicic and boric acid depending on the effective restriction mechanism of the 
protein. The flux properties of MIPs thus lead to the question if MIPs can be used in separation 
devices or as sensor devices based on e.g., the selective permeation of metalloids.

In principle a MIP based membrane sensor/separation device requires the supporting bio-
mimetic matrix to be virtually impermeable to anything but water or the solute in question. In 
practice, however, a biomimetic support matrix will generally have finite permeabilities to both 
electrolytes and non-electrolytes. The feasibility of a biomimetic MIP device thus depends on 
the relative transport contribution from both protein and biomimetic support matrix. Also the 
biomimetic matrix must be encapsulated in order to protect it and make it sufficiently stable in a 
final application. Here, I specifically discuss the feasibility of developing osmotic biomimetic MIP 
membranes, but the technical issues are of general concern in the design of biomimetic membranes 
capable of supporting selective transmembrane fluxes.

Introduction
Membranes for separation purposes require high permeability and high selectivity with suf-

ficient mechanical stability to be functional. Reverse osmosis (RO) membranes fulfill these design 
criteria to a large extent by having relatively high water permeability while maintaining a good 
salt rejection. RO membranes have found use in drinking water production and waste water treat-
ment for several decades. The driving force in RO operation is pressure, where a force exceeding 
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the osmotic pressure difference across the membrane is applied and convective flux against the 
osmotic gradient is established. The operating mechanism in RO membranes is based on diffusion 
of water and small molecular weight organic molecules (non-electrolytes) through the membrane 
polymer by bonding transiently to the hydrophilic polymer meshwork. Electrolytes (ions) and 
larger non-electrolytes will not permeate easily due to charge and size exclusion, respectively. Classic 
RO is a fundamental separation process and in principle it is a realization of the semi-permeable 
membrane concept as introduced by Nernst a century ago.1 Solvent (water) passes through the 
membrane leaving all other solutes behind.

In practice the ability of RO membranes to transport water and certain other molecules while 
rejecting others is not absolute. The passage of smaller molecules or less charged ions will be greater 
than the passage of larger molecules or highly charged ions. Thus Ca2+ will typically be rejected 
about three times better than Na+. The passage of dissolved salts through an RO membrane may be 
as high as 5% as observed for nitrates depending on the particular membrane and on factors such 
as driving force (pressure), temperature and pH. Also, the closer an organic molecule structure 
resembles the structure of the RO polymer, the more readily it diffuses through the RO membrane.2 
However some types of RO membranes like sea water reverse osmosis (SWRO) membranes and 
some nanofiltration (NF) membranes are capable of some metal and metalloid removal.3

RO membranes have a biological counterpart—the set of membranes defining boundaries and 
organelles in living cells. Membrane transport (by e.g., ion channels and transporters) constitutes 
the basis for all living cells. Cellular membranes are highly specialized complexes of proteins and 
amphiphilic molecules (mostly lipids). The viability and function of all cells is critically dependent 
on very controlled fluxes of electrolytes, non-electrolytes and water across their membranes. While 
neutral gases and to some extent water can cross a protein-free lipid membrane, transmembrane 
flux of electrolytes is negligible due to the membranes hydrophobic interior. Electrolytes, most no-
tably monovalent and divalent ions, are transported across membranes through highly specialized 
and ion-selective proteins. Channels facilitate the diffusion along concentration gradients whereas 
ATP-driven carriers and transporters catalyze uphill transport against concentration gradients. The 
cells basal need to adjust their osmotic balance (volume) as well as some cell’s specific role in water 
reabsorption (e.g., renal concentration) requires a much larger transport of water than the pure lipid 
membrane supports. This transport is mediated by specialized water channel proteins—MIPs. In 
terms of large scale separation, ion channels and water channels are most interesting as their transport 
is decoupled from conformational changes in the protein—in contrast to the situation for carriers 
(e.g., the Na+K+ ATPase) where the catalytic event (the transfer of a molecule) is coupled to complex 
changes in protein structure. The result is a 10-1000 fold lower transport capacity in carriers compared 
to channel proteins. Although biomimetic membranes with transporters have interesting technologi-
cal potential,4 I will limit the scope here to MIP channel proteins in biomimetic membranes.

Biological membranes can be seen as a lipid matrix with effective barrier properties in which 
proteins with very specific properties such as high selectivity and permeability for solutes (ions or 
water) are incorporated. This leads to the question whether biomimetic membranes can be used 
in separation/sensor applications. The high water permeability of many MIPs naturally raises the 
question if these proteins can be used in a water purification device for production of ultra pure 
water and seawater desalination. This has indeed been suggested4,5 and attracted commercial inter-
est.6 Also MIP based up-concentration of contaminants e.g., metalloids as a step in early detection 
(i.e.,  at low feed water concentrations) may be feasible.

In this chapter I first briefly define the concept of biomimetic membranes and present some 
recent developments. Then I discuss issues involved in constructing a biomimetic osmotic type 
membrane in the form of MIPs embedded in lipid bilayers.

Biomimetic Membranes
The fundamental biomimetic approach is to extract guiding principles from nature in order to 

provide a basis for creating technological devices. Biomimetic membrane design takes cues from 
the self-assembly of lipids or other amphiphilic molecules into bilayer membranes and from the 
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rich repertoire of functions displayed by biomembrane embedded proteins.4 The overwhelming 
complexity of a biological membrane with hundreds of lipid species7 and extensive coupling be-
tween membrane components and cytoskeletal elements8,9 have to some extent been an obstacle in 
understanding membrane function e.g., the reciprocal coupling in lipid-protein interactions, which 
means that the bilayer can regulate protein function and vice versa.10,11 Nevertheless, by combining 
only a few biomembrane components several biosensors based on biomimetic membrane designs 
have successfully been developed (for a review see ref. 4).

Since the first reports on formation of bimolecular lipids extensive investigations of the physical 
properties of these films have provided a detailed picture of bilayer cohesive, elastic and structural 
properties.12 At the same time techniques were developed for the reconstitution of proteins starting 
with incorporation of excitable protein material (voltage gated ion channels) over the first dem-
onstration of single channel activity to the current plethora of reconstituted membrane proteins 
including receptors, ion channels and transporters.13 With the introduction of microfluidic chip 
designs, formation of micron-sized membranes is now possible14-18 and automation strategies 
enabling the creation of very large membrane arrays have recently been demonstrated.19-21

Recent developments in polymer research have resulted in the concept of polymer membranes 
formed from amphiphilic copolymers with barrier properties similar to lipid bilayers. Also, protein 
reconstitution in polymer membranes has been demonstrated.5,22,23

Sensor Applications
In most applications of biomimetic membrane biosensors, the membrane serves as a passive 

matrix for the embedded proteins where the protein typically a receptor can sense a signal and 
somehow transduce the information. Biosensors based on ion channels, where controlled flow 
of selected ions constitutes part of the mechanism, can sense low ionic concentrations as com-
parably few ions are needed to generate pA currents, which are easily detectable using standard 
voltage-clamp electrophysiological methods.24 In either case, the biosensors do not require massive 
flux of matter across the membrane in order to function. Therefore, the membrane matrix can be 
supported on solid micro-patterned supports such as the smooth surfaces of cleaved mica, silicon 
or carbon nanotubes either directly or via an intermediate noncovalently bound or covalently 
tethered cushion for increased stability and portability.25-32

The application of supported membranes in the design of biosensors mounted on electro-optical 
devices is attracting considerable interest. One such example is surface plasmon resonance (SPR) 
a method that allows for real-time measurements of ligand binding to immobilized proteins33 
and thus opens for the possibility to detect ligand binding to membrane bound (both membrane 
spanning and membrane adsorbed) proteins. Immunosensing can be seen as a special case of ligand 
binding sensing. Staphylococcus enterotoxin B (SEB) has been detected in milk via a microfluidic 
system with supported bilayer membranes and biotinylated anti-SEB IgG.34 A further strategy is 
to take advantage of the electrical properties of bilayers and use them as insulating surfaces. Any 
defect in this surface is easily detectable as a change in impedance and as the defect locations cre-
ate strong nonspecific binding sites, the sensitivity of such a device is high.35 Impedance analysis 
on supported lipid bilayers can also be used to dissect the action of channel forming peptides e.g., 
the bee venom melittin,36 the potassium specific valinomycin37 and channel forming proteins 
e.g., the bacterial outer membrane porin Omp F on the bilayer.38 This approach has also been 
used in lipid films where protein-driven energy transduction was realized by incorporation of 
bacteriorhodopsin (BR) and cytochrome c oxidase (COX)39 into supported polymer membranes. 
Recently, approaches based on interconnected inverted micelles formed in two-phase systems 
(e.g., electrolyte and lipid-alkene solution as the bulk phase) have resulted in very stable systems 
seemingly well suited for medium- to high-throughput screening of membrane proteins.40,41 This 
approach has been extended to simply make the bilayer from an electrolyte drop falling though 
the lipid-alkane solution with the resulting inverted micelle landing on a lipid monolayer surface 
formed at the aperture, thereby separating the alkane lipid phase from a lower electrolyte solution 
and enabling easy buffer exchange and electrical measurements.42
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Separation Applications
The use of biomimetic membranes in separation applications requires a different approach. Even 

though a cushioned membrane (see above) on a solid support would have space for some transport 
on the cushion side, the demand for massive flux across the biomimetic membrane for separation 
precludes the use of nonporous support material. The extreme alternative—a free standing lipid 
bilayer12 with incorporated MIPs (or ion channels) formed across an aperture—is not sufficiently 
stable to be used in a technological separation device. For planar membranes, this implies that the 
support material must be sufficiently porous in order to allow substantial vectorial flow. At the same 
time, the support material needs to be sufficiently dense to support the membrane in the presence of 
transmembrane pressure gradients. An early attempt to stabilize biomimetic membranes on porous 
supports included the use of polycarbonate and nitrocellulose filters in various protein reconstitu-
tion experiments (for a review see ref. 13). Although protein function could be demonstrated, 
the stabilization was in fact realized as an impregnation of the support with a lipid-hydrocarbon 
solvent resulting in lipid structures with complex water transport properties and consequently 
limited control over non-electrolyte passage. However, recent advances in membrane encapsula-
tion methods and support material development open the possibility of implementing efficient 
biomimetic separation processes in the form of long-term stabilized membranes with embedded 
proteins on an industrial scale. Interesting developments in membrane encapsulation have been 
demonstrated using bacterial S-layer proteins43-45 or hydrogels,46-48 and porous polymers49 may be 
used as porous support material for stabilization of biomimetic membranes.

Many issues are still not resolved. Simple model proteins notably �-barrel proteins or small 
peptides are inherently more stable than �-helical bundle proteins. Insertion and stabilization of 
the latter class of proteins which includes all MIPs and most of the ligand- and voltage-gated ion 
channels still poses many problems which must be resolved before large scale protein containing 
membranes can be produced and stored on a commercial basis. Thus a biomimetic device will 
have to meet design criteria based on both protein-based requirements as well as the requirement 
for well-defined and stable barrier properties. In addition the protein-matrix complex must be 
encapsulated in such a way that the encapsulation process does not compromise protein structure 
and function.

MIP Biomimetic Membranes and Osmotic Processes
MIP Basic Properties

Chapters in this book as well as several recent reviews have nicely summarized many fascinating 
aspects of MIP structure and function.50-54 In this section I will present only the basic properties 
and discuss the permeability properties pertaining to biomimetic water/metalloid transporting 
membranes. MIPs constitute a family of 24-30 kDa pore forming integral membrane proteins. 
Since the purification of a red blood cell membrane protein: channel-forming Integral membrane 
Protein of 28 kDa (CHIP28)55 and subsequent expression of this protein in Xenopus oocytes56 
and liposomes57 revealing rapid water diffusion along osmotic gradients much has been revealed 
about this class of proteins for which the term aquaporins soon was coined.58 Thirteen mammalian 
homologs (denoted AQP0-AQP12) are now known59 and in total more than 450 members of the 
MIP family have been identified to date.60

The primary sequence of AQP1 reveals the canonical MIP structure in the form of two tandem 
repeats each containing three transmembrane spanning �-helices (TM1-3). Each tandem repeat 
contains a loop between TM2 and TM3 with an asparagine-proline-alanine (NPA) signature 
motif. Biochemical analysis and later crystal structures revealed an hour-glass structure with pseudo 
two-fold symmetry where the six TM segments surround a central pore structure defined by the 
two opposing NPA motifs (for a structural and chronological review see ref. 50). Each six TM 
AQP unit functions as a pore, and the predominant unit-assembly in biological membranes is a 
tetrameric arrangement.61 Higher order arrays (aggregates) have been described for AQP4.62,63 For 
AQP0 coaxial octamers formed by two juxtaposed tetramers have been proposed.64
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Based on their permeability properties, mammalian homologs can be classified into two groups: 
aquaporins and aquaglyceroporins. The E. coli model system offers both variants:65 the orthodox 
(i.e., ‘water only’) channel AqpZ66 and the aquaglyceroporin GlpF.67 Although some MIPs can 
be classified as strict water channels (e.g., AQP0, APP4 and AqpZ), it is becoming increasingly 
clear that many MIPs may have additional permeability properties.53 For example the nonglycerol 
transporting AQP1 may transport cations68 as well as carbon dioxide,69 nitric oxide70 and ammonia71 
and AQP6 may transport chloride at low pH.72 It should, however, be stressed that cation/anion 
transport by MIPs is an exception. The water and glycerol transporting AQP7, AQP9 and GlpF 
may also transport metalloids e.g., hydroxylated forms of As and antimony;73 and GlpF transports 
urea and glycine in addition to glycerol.74,75 While the implications of these observations are still 
under debate,53,76-78 there is clear evidence that the physiological role of some MIPs stems from 
both their metalloid and water permeability properties.78

In addition to the apparently complex permeability profile, several MIPs display various forms of 
gating—analogous to the opening and closing of ion channels induced by external stimuli; for ion 
channels typically in the form of transmembrane potential and/or chemical signals. Although many 
aspects of aquaporin gating and regulation of their permeability are still unknown, the function of some 
MIPs has been demonstrated to depend on calmodulin79,80 phosphorylation81,82 and pH.79,83,84

The application of MIPs and other helical bundle integral membrane proteins (e.g., ion chan-
nels) in a biomimetic separation membrane depends on controlling protein stability. Membrane 
proteins are inherently unstable and may require modifications to ensure effective insertion of 
stable constitutively active proteins.85 In addition, the interaction (hydrophobic coupling) be-
tween the protein and the biomimetic membrane can affect protein stability and conformational 
equilibrium.11,86 In the design of a biomimetic water filtration membrane which is based on MIPs, 
the issues of protein oligomerization, aggregation, selectivity, regulation and stability must be 
resolved in order to ensure efficient protein-mediated water filtration.

Considerations Regarding Permeability
A fundamental question to be addressed in the development of biomimetic membrane devices 

is how much transport is mediated by the proteinaceous pathways inserted into the membrane 
matrix and how much transport it mediated by the membrane matrix itself ? A general answer 
to this question depends on the solute, the transporting protein and the structure of the support 
material. Although the phenomenon seems quite simple: solutes and water move in response 
to transmembrane gradients (electrochemical, hydrostatic and osmotic gradients), the intricate 
mechanistic details of protein and membrane selectivity have remained a major obstacle for un-
derstanding biological membrane transport for more than a century.

The simplicity of the MIP structure as outlined above is only apparent. The structure is the basis of 
the remarkable ability to transport water molecules and simultaneously reject charged species includ-
ing protons. Molecular dynamics (MD) simulation based on the experimental structure of AQP1 
strongly suggests single-file transport of water molecules through a narrow �3Å pore in which steric 
and electrostatic factors prevent electrolyte passage.87 MD simulations have provided values for single 
channel water osmotic permeabilities pf. Experimental values for pf have also been obtained for several 
MIPs (see Table 1). Theoretical (MD) pf values may not be accurate as they to some extend depend on 
the choice of MD force fields. Experimentally obtained single channel values are also characterized by 
some uncertainties due to the difficulty in quantifying the number of channels in a given preparation. 
Nevertheless the values listed in Table 1 obtained for various MIPs provide a quantitative basis for 
designing biomimetic MIP membranes for water separation/purification purposes.

Over the last decade it has become increasingly clear that some MIPs e.g., several plant 
Nodulin-26-like Intrinsic Proteins (NIPs) are specifically involved in the regulated uptake 
and distribution of selected metalloids, e.g.,88-91 (reviewed in refs. 78,92,93). From a separation 
perspective it is interesting that some NIPs from the thale cress (Arabidopsis thaliana) transport 
boric acid B(OH)3 while possessing a low water permeability (AtNIP5; 1)89 or no water permeability 
at all (AtNIP6;1).90 Also some rice (Oryza sativa) NIPs have metalloid transport properties: 
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OsNIP2;1 not only transports B(OH)3 but also silicic acid Si(OH)4, urea and As(III) (see below) 
and OsNIP3;1 is a boric acid channel required for efficient growth under limited boron condi-
tions.94 Antimonite Sb(III) is transported by AtNIP7;195 and the E.coli GlpF.88

Of particular interest is the transport of As via MIPs. The toxic and carcinogenic As96,97 occurs 
in natural aqueous environments in +5 and +3 oxidation states. The most common inorganic 
As compounds found in water are arsenite [As(III)] and arsenate [As(V)].98 Arsenic may be 
methylated99 as monomethylarsonic acid MMA(V), monomethylarsonous acid MMA(III), 
dimethylarsinic scid DMA(V), dimethylarsinous acid DMA(III) and trimethylarsine oxide 
TMAO. As(III) exists in reduced waters (low oxygen tension) and species may include H3AsO3 
[As(III)] (pK � 9.23), H2AsO3

– (pK � 12.13) and HAsO3
2– (pK � 13.4).100 At neutral pH As(III) 

is present as As(III).
As(III) is transported by the mammalian aquaglyceroporins AQP7 and AQP9,73,101 

the aquaglyceroporin homologue AqpS from Sinorhizobium meliloti,102 OsNIP1;1103 and 
OsNIP2;1.104 Also GlpF has been suggested as the basis for As(III) uptake in E. coli.105 The 
closely related antimonite Sb(III) is also transported by AqpS,102 AQP973 and GlpF.105 The over-
lap between As(III), Sb(III) and glycerol transport capability points to some shared properties 
important for permeation. This is also illustrated by the fact that the methylated form MMA(III) 
is in fact transported more efficiently than As(III) by rat AQP9.106

When compared, As(III), Sb(III) and glycerol share significant physico-chemical properties.107 
As(III) and Sb(III) both adopt a trigonal pyramidal structure with the metalloid atom at the 
apex,107,108 and glycerol may adopt a ‘retracted’ configuration in which the two carbons share the 

Table 1. Aquaporin single channel (subunit) osmotic water permeability constants

pf 10–14cm3/s Method Reference

AQP0 0.25 Xenopus Oocytes 135

0.2 MDc 136

AQP1a 4.6 Proteoliposomes 137

5.43 Proteoliposomes 138

6 Xenopus Oocytes 135

11.7 Proteoliposomes 57

10.3 MDc 136

AQP2 3.3 Xenopus Oocytes 135

AQP3 2.1 Xenopus Oocytes 135

AQP4 24 Xenopus Oocytes 135

7.4 MDc 136

AQP5 5 Xenopus Oocytes 135

AqpZ 2 Planar bilayers 139

>10 Proteoliposomes 140

15.9 MDc 136

GlpF 0.7 Planar bilayers 141

16 MDc 136

aAlso known as Major Intrinsic Protein (MIP); bAlso known as Channel forming Integral Protein of 28 
kDa (CHIP28); cBased on a channel length of 16Å.
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apex position and the three oxygen atoms defining a triangular surface plane with an area compa-
rable to the corresponding area in As(III) and Sb(III) (�3.2-3.7 Å2). The molecular volumes of 
As(III), Sb(III) and ‘retracted’ glycerol are similar (98-118 Å3) which is consistent with all three 
molecules meeting the same steric constraints during the passage through an AQP. However it 
should be pointed out that the dipole moment of ‘retracted’ glycerol (4.07 Debye) is larger than 
for the metalloids with 2.32 and 2.15 Debye for As(III) and Sb(III), respectively, whereas the 
hydration energies are higher for the hydroxylated metalloids (�117 kJ mol–1) than for ‘retracted’ 
glycerol (�84 kJ mol–1).107 This illustrates the complex interactions involving water and protein 
moieties (e.g., carbonyls) between the permeating molecules and the channel. From a biomimetic 
point this also illustrates the motivation to learn from biological structures and construct de novo 
channel structures with finely tuned permeation properties based on coordination between the 
permeating molecules and the proteins.109,110

Water, non-electrolyte and electrolyte permeabilities in protein-free lipid bilayers have been 
investigated intensely over the last 40 years. The permeability for water has been determined both by 
tracer diffusion measurements yielding the diffusional membrane permeability Pd and by osmotic flow 
measurements giving the osmotic membrane permeability Pf. Early experimental work reported that 
Pf � Pd (e.g.,111) which could suggest a pore based (single-file) transport mechanism,112,113 but this is an 
artifact due to unstirred layers (see also below). There is no evidence for aqueous single-file transport in 
protein-free bilayers (for a comprehensive review see ref. 114). Pf is a function of bilayer composition.115 
Thus, increasing the cholesterol content decreases the water permeability (see Table 2). Permeabilities for 
non-electrolytes have always been determined in diffusion measurements116 and are therefore potentially 
erroneous due to unstirred layers. Generally, however, permeabilities measured for non-electrolytes are 
lower than those for water. In general, the barrier for hydrophilic solutes represented by the membrane 
interior while the barrier for hydrophobic solutes will be the membrane interfacial regions.116 The high 
electrical resistance of lipid bilayers is reflected in its very low permeability coefficients for electrolytes 
i.e., small inorganic anions and cations (see Table 2). The electrolyte permeability can be affected by 

Table 2. Permeability coefficients for protein-free phosphatidyl choline (PC) 
membranes

Permeability 
Coefficeint cm/s Remarks Reference

Water 4 10–3 115

2 10–3 PC:Chol 1:1 115

7.5 10–4 PC:Chol 1:8 115

8 10–5 ABA BPMa 5

Urea 4 10–6 142

Glycerol 5.4 10–6 142

Tetraphenyl-
phosphonium (TPP–)

10–7 143

Na+ 10–14 144

Cl– 10–11 144

H+/OH– 10–4-10–8 145

10–9 PLFE vesiclesb 118

aPMOXA15-PDMS110-PMOXA15 triblock copolymer; bPLFE Polar lipid fraction E from Sulfolobus 
acidocalarius membranes.
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amphiphilic anesthetics where physiologically relevant concentrations may increase potassium perme-
abilities 2-5 fold.117 Also the membrane structure is important, both ether linked lipids and natural 
hydrocarbon solvents in the membranes can affect proton permeability.4,118

The interaction of As compounds with lipid membranes has been investigated and it appears 
that thermodynamic parameters for lipids with ethanolamine headgroups change upon exposure 
to As compounds while choline headgroup lipids are unaffected.119,120 The effect seems to be related 
to both direct interactions between polar moieties of the As compounds and the lipids and indirect 
modification of the interface via changes in water bonding structure in the lipid headgroup region.121 
The water-octanol partitioning, log P which is a measure for molecular hydrophobicity122 and 
thus partitioning into the lipid bilayer, reveals that methylation is an important factor for bilayer 
perturbation induced by As compounds. Both As(III ) (log P � –3) and As(V) (log P � –7) are 
highly hydrophilic compared to DMA(V) (log P � 0.36).120 Thus in biomimetic designs involv-
ing separation/sensing As compounds, the log P (and thus potential bilayer permeation) must be 
considered in addition to the MIP permeation profiles per se.

Osmotic Processes
The large ratios between MIP-mediated water permeabilities and bilayer ionic permeabilities 

suggest that it should indeed be possible to construct an osmosis-based biomimetic membrane. 
MIP-mediated osmoregulation is vital to all living organisms (for recent reviews see refs. 123,124). 
In pure terms ‘osmosis’ describes the selective movement of water from regions with high water 
chemical potential (i.e., a dilute salt solution) to regions with low water chemical potential (i.e., 
concentrated salt solution). In water treatment/purification this process is typically reversed and 
realized using RO membranes as mentioned above. RO uses hydraulic pressure to oppose and 
exceed the osmotic pressure of an aqueous feed solution. Thus in RO the driving force is the applied 
pressure, whereas in osmosis the osmotic pressure is the driving force. A third osmotic process is 
called forward osmosis (FO) sometimes also referred to direct osmosis.125 FO is based on using a 
draw solution on the permeate side of the membrane as the driving force. The force arises as the 
draw solution has a higher osmotic pressure than the feed solution. The main advantage of FO 
is that the hydraulic pressure is low (or even zero). This implies that the supported biomimetic 
MIP membrane will not be subjected to as high pressures as would be required in typical RO 
applications and the feed solution is treated ‘gently’. In addition the fouling propensity (i.e., the 
clogging of the membrane) is reduced. Finally, pressure retarded osmosis (PRO)126 is emerging 
as a promising process in power generation. PRO uses the osmotic pressure difference between 
seawater and fresh water to pressurize the saline stream thereby converting the osmotic pressure 
difference into a hydrostatic pressure capable of driving a turbine.127

All of the above mentioned osmotic processes can be described using the relation between 
volume (water) flux J  [cm3s–1] across a membrane separating aqueous Phases 1 and 2 due to 
osmotic and pressure driving forces:

 (1)

where Pf is the membrane permeability [cm s–1], AM membrane area [cm2], Vw the partial molar volume 
of water [cm3mol–1], P the pressure [Pa], RT the product of the molar gas constant R [ JK–1 mol–1] 
and temperature T [K], �i the reflection coefficient for the i’th solute and П � �RTC is the van’t Hoff 
osmotic pressure [Pa] where � is the molar osmotic coefficient and C the concentration.

Let J J Av v M= / [cm s–1] be the volume flux per unit area. In the case of a pressure difference 
only (i.e., no concentration difference)

J P V P P RT L P Pv f w p� � � �( )/ ( ),1 2 1 2  (2)

where Lp � PfVw/RT [cm3N–1 s–1] is the hydraulic permeability of the membrane. Thus we may 
rewrite

J L P P RT C Cv p i i i i i� � � �[( ) ( )].1 2 2 1���  (3)
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In the case of a concentration difference only (i.e., no pressure difference)

· ·  (4)

where P Pf f i i
* � � �  is the osmotic permeability of the membrane for the i’th solute. In the case of 

an ideal semi-permeable membrane (�i � 1) separating two ideal solutions (�i � 1), the osmotic 
permeability is equal to the membrane permeability and Pf is sometimes in the literature also 
referred to as the osmotic permeability of the membrane.

Equation (1) can be simplified to describe water transport across an ideal membrane as

J Lw p� �( )��� �P  (5)

From this expression we can now directly relate the various osmotic processes to relations 
between �P and �П. For FO �P � 0, for RO �P � �П and for PRO �П � �P (see Fig. 1A,B).

In principle Eqns 1-5 constitute the very basis for osmotic driven water flow through a selec-
tively water permeable membrane. 

Figure 1. Osmotic membrane processes (after ref. 125). Solvent flow (A) initial condition with water 
impermeable membrane. (B-D): Flow through an ideal semipermeable (biomimetic aquaporin) 
membrane. B) Forward osmosis (FO), water moves into the concentrated solution. C) Reverse os-
mosis (RO), water is convectively moving into the diluted solution driven by pressure. D) Pressure 
retarded osmosis. (PRO): water moves as in (A), but whereas the movement is retarded by external 
pressure, it still moves into the concentrated solution (from high to low water potential). E) Direction 
of flow in FO, RO and PRO. For FO there is no hydraulic pressure across the membrane. For RO 
the applied pressure must exceed the osmotic pressure and convectively drive the water from low 
to high water potential. For PRO the hydraulic pressure retards the FO process but the hydraulic 
pressure applied is still less than the osmotic pressure.
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Combining Eq (5) with the equation for solute flux Js:

J RT C C J Cs w� � � �� �( ) ( ) ,2 1 1  (6)

where � is the solute permeability coefficient and C  is the average concentration of the two solu-
tions on either side of the membrane, we arrive at the Kedem-Katchalsky equations for coupled 
water and solute movement (eqns 5-6).128,129 The first term in (6) represents the concentration 
driven solute movement and the second term describes the solvent drag of the respective solute. 
The latter as � describes both the efficacy of the solute to induce the osmotic flow water movement 
and the drag of the solvent induced by volume movement.

Polarization Effects
The Kedem-Katchalsky framework describes transmembrane transport of homogeneous solu-

tions. Experimentally this can be realized by vigorous mechanical stirring of solutions. Lack of 
stirring causes formation of concentration boundary layers or unstirred layers as coined by Walther 
Nernst in 1904130 on both sides of the membrane, directly adjacent to the membrane surface. The 
thickness of these layers depends on concentration, density, viscosity and temperature, on diffusive 
permeability coefficients of the membrane and Rayleigh numbers. This implies that the extent of 
unstirred layers will have direct influence on the volume fluxes passing across the membrane.

For membranes separating two aqueous solutions there will always be a region of incomplete 
mixing131 and for most biological membranes there is only very little stirring at membrane solu-
tion interfaces. In the original (oversimplified) approximation by Nernst the unstirred layer was 
considered as a region with diffusion only and thus no convection. Recently, a more accurate 
hydrodynamic model for simultaneous diffusion and convection has been described.132,133 A test 
of this model has been realized using ion-selective electrodes where the polarization was directly 
measured in the presence of an osmotic gradient consistent with the hydrodynamic model.134 For 
biomimetic MIP membranes the polarization arises as a consequence of water flow through the 
MIPs. The ions are rejected and build up a concentration gradient in the unstirred layer on the 
hypotonic side relative to bulk ion concentrations.

The practical realization of the biomimetic membrane requires porous support materials on 
one or both sides of the biomimetic support matrix. This implies that the solvent (water) filled 
porous support will effectively act as an unstirred (and hence polarized) layer thereby affecting 
transmembrane fluxes (see Fig. 2).

This concentration polarization occurs on both sides of the membrane so for example in RO an 
increased osmotic pressure occurs on the feed side that must be overcome with hydraulic pressure. 
Alternatively in FO a dilution occurs on the draw side reducing the osmotic driving force. Both 
cases are examples of external concentration polarization. When the membrane is asymmetrical 
(see Fig. 2B,C) also internal concentration polarization can occur. These issues must be addressed 
in any future development of biomimetic MIP membranes, but in principle these issues are not 
unique to biomimetic membranes. In this respect the biomimetic membrane can be seen as the 
equivalent to the active layer in conventional RO membranes and the porous support as the 
equivalent to the support layers in RO membranes (see Fig. 3).

Conclusion
The many outstanding challenges in creating stable, selectively permeable and functional 

biomimetic membranes for sensor/separation purposes may seem daunting and even discourag-
ing. On the positive side, however, are the recent scientific and technological advances discussed 
there. First, our increased understanding of the unique permeability properties for MIPs, notably 
a very high water permeability for some of the orthodox aquaporins and the complex permeation 
profiles for some MIPs e.g., selectivity for metalloids. Second, the recent progress in membrane 
stabilization methods opens for the possibility to create membranes with long-term stability. By 
merging insights from both MIP research and biomimetic membrane design, many potential 
applications can be envisaged, not only in water purification, but also in sensor devices built on 
the concept of up-concentrating selected permeants.
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Figure 2. Polarization effects for symmetric and asymmetric membranes. A) In a symmetrical mem-
brane with no unstirred layers osmosis is driven by the full water potential ��w. In asymmetrical 
membranes (e.g., with a biomimetic membrane (dark blue) as the active layer on a porous support 
(light blue), the effective water potential is changed due to polarization concentration profiles in 
the unstirred water layer wetting the porous support. Thus in (B) the salt concentration increases 
up to the active layer, whereas in (C) the salt concentration decreases up to the active layer. A 
color version of this image is available at www.landesbioscience.com/curie.

Figure 3. Principal sketch of a biomimetic aquaporin membrane. The aquaporins (white) are 
embedded in a biomimetic matrix (yellow) formed across a partition (green). Encapsulation mate-
rial (grey) must be able to support the membrane without compromising transmembrane flow 
of water. A color version of this image is available at www.landesbioscience.com/curie.
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