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Highlights 

• Aquaporins are integral membrane proteins where dysfunction in the water transport 

connects to a broad spectra of diseases and cellular disorders 

• The majority of the aquaporin isoforms can be produced by recombinant protein 

production 

• High yields of stable protein are routinely achieved after a two-step purification 

procedure using common detergents 
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Abstract 

Aquaporin water channels facilitate the bi-directional flow of water and small, neutral solutes 

down an osmotic gradient in all kingdoms of life. Over the last two decades, the availability 

of high-quality protein has underpinned progress in the structural and functional 

characterization of these water channels. In particular, recombinant protein technology has 

guaranteed the supply of aquaporin samples that were of sufficient quality and quantity for 

further study. Here we review the features of successful expression, purification and 

characterization strategies that have underpinned these successes and that will drive further 

breakthroughs in the field. Overall, Escherichia coli is a suitable host for prokaryotic 

isoforms, while Pichia pastoris is the most commonly-used recombinant host for eukaryotic 

variants. Generally, a two-step purification procedure is suitable after solubilization in 

glucopyranosides and most structures are determined by X-ray following crystallization. 
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1. Introduction 

Water is essential for life and is the major component of all organisms. Aquaporin water 

channels facilitate the bi-directional flow of water (and, in some cases, small, neutral solutes 

such as glycerol and urea, as well as gases like carbon dioxide and ammonia) down an 

osmotic gradient in all cells [1]. In addition, some aquaporin isoforms play a role as 

peroxiporins, contributing to cellular redox signaling by transferring hydrogen peroxide [2]. 

The thirteen aquaporins that are found throughout the human body facilitate the secretion of 

body fluids like cerebrospinal fluid, tears, saliva, sweat and bile, and the concentration of 

urine [3]. Aquaporins are involved in diverse and common clinical disorders including loss of 

vision, loss of skin barrier function, kidney diseases, the brain oedema that follows stroke or 

head trauma [4] and also in various pathophysiological conditions including Alzheimer’s and 

Parkinson’s [5, 6]. Furthermore, aquaporins have multiple functions in plants such as 

controlling the hydraulics of plant tissue as well as seed germination and the emergence of 

lateral roots [7]. Plants with genetically altered aquaporins may also have improved tolerance 

to stresses such as drought [8]. Furthermore, the presence of aquaporins has been suggested to 

enable microorganisms to have specific lifestyles. For example, aquaporins enhance cellular 

tolerance against rapid freezing, suggesting their ecological relevance [9]. Based on these 

examples, it is clear that the understanding of aquaporin structure and function is essential to 

address fundamental questions in health and disease in all kingdoms of life. 

 

It is now 20 years since the first high-resolution structure of an aquaporin was reported for 

hAQP1, which was determined to 3.8 Å by electron diffraction (ED) [10] using protein 

extracted from its native source, the membranes of human red blood cells [11]. The reporting 

of new aquaporin structures has continued steadily since then meaning that in December 

2020, there were 31 aquaporin structures in total from both eukaryotes and prokaryotes. The 
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majority of these high-resolution structures (74%) have been derived by X-ray 

crystallography, a substantial fraction (23%) by ED and one by NMR 

(https://blanco.biomol.uci.edu/mpstruc/; Table 1). Of the 13 human aquaporins, six isoforms 

have a high resolution structure; AQP1 [10, 12-14], AQP2 [15, 16], AQP4 [17], AQP5 [18], 

AQP7 [19] and AQP10 [20]. In addition, AQP1 [21] and AQP4 [22, 23], as well as AQP0 [24-

27], have structures where the protein has been derived from other mammalian sources (rat, 

cattle and sheep). Two plant plasma membrane intrinsic protein (PIP) isoforms have had their 

structures determined, SoPIP2;1 [28] from spinach and AtPIP2;4 [29] from Arabidopsis 

thaliana, as well as one tonoplast intrinsic protein (TIP) isoform, AtTIP2;1 [30] from A. 

thaliana. Eukaryotic microorganims are represented by the structure of yeast Aqy1 [31, 32] 

and there is a structure from the unicellular protozoan, Plasmodium falciparum, PfAQP [33]. 

Finally, there are three high resolution structures of prokaryotic aquaporins, AqpM [34], AqpZ 

[35-38] and GlpF [39, 40].  

 

As a result of this progress, the size and shape of aquaporins pores are understood in precise 

atomic detail. This has enabled a molecular-level understanding of how aquaporins allow 

water molecules (but not protons) to permeate cell membranes (Fig. 1). Aquaporins assemble 

as homotetramers where each monomer forms an individual channel [41]. The very first low 

resolution hAQP1 structure (determined to 6 Å by ED [42]), revealed the ‘hour-glass model’ 

where the two NPA-containing loops dip into the membrane from either side forming the 

center of the aqueous pore [43]. When the resolution was improved to to 2.2 Å, the 

mechanism for proton exclusion could be deduced as involving the NPA motifs for 

interrupting a continues chain of water through the aqueous pore [21]. The first high 

resolution structure of a glycerol channel, GlpF from Escherichia coli, provided insight into a 

constriction region (commonly referred to as the ar/R region) towards the external entrance of 

https://blanco.biomol.uci.edu/mpstruc/
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the channel as the determinant of channel selectivity [39]. More recent insights into aquaporin 

specificity are provided by the structure of AtTIP2;1, which can transport ammonia [30]. 

AtPIP2;4 can transport hydrogen peroxide [29], but a very high resolution structure will be 

required in order to understand the mechanism of permeation due to its high similarity with 

water. High resolution aquaporin structures have additionally provided novel insights into the 

regulation of water flow by pH, phosphorylation and mechanosensitivity [20, 28, 32, 44, 45]. 

 

Figure 1. Aquaporin topology. All aquaporins share a common topology of six transmembrane -helices and 

five connecting loops. The second and fifth loops contain the family’s highly-conserved, signature NPA motifs 

that meet at the center of the membrane in the three dimensional fold forming a selectivity filter for bidirectional 

water flow excluding protons. The N-and the C-termini are cytosolic and vary in length among aquaporin 

homologues (as indicated by dashed lines), are often binding sites for interacting proteins and provide regulatory 

motifs.  

 

Human aquaporins have been assumed to be constitutively expressed in membranes [46], 

meaning that any rapid changes in membrane water permeation could only be passively 

facilitated by changes to local osmotic gradients. This view is inconsistent with the need for 
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cellular water flow to rapidly change in response to constantly-fluctuating extracellular 

environments [47]. Control via gene expression can alter water permeability in the long-term, 

but is too slow for a rapid response. Instead, conformational changes of individual aquaporin 

pores (‘gating’, observed in plant and microbial aquaporins) or regulating the number of pores 

by moving them to and from the membrane (more pores resulting in higher water 

permeability) are candidate mechanisms [44, 48]. One of the most well-established 

mechanisms of regulation by translocation is the permeability of kidney cell membranes being 

a function of AQP2 membrane abundance, which changes in response to the anti-diuretic 

hormone, vasopressin [49]. This is often seen as an idiosyncrasy even though hormones may 

control the localization of other human AQPs [46]. Additional examples of translocation come 

from our recent work that has challenged the assumption of constitutive expression, showing 

that subcellular relocalization in response to non-hormonal signals is a regulatory mechanism 

controlling human AQP1 [50, 51], AQP4 [52-54] and AQP5 [55]. These examples illustrate 

that a future challenge will be to characterise the molecular mechanisms of aquaporin 

regulation in vitro and in vivo, which is now essential to understand the physiological control 

of water homeostasis. 

 

The availability of high-quality protein that has underpinned progress in aquaporin structural 

biology is now required to address many of the remaining open questions about aquaporin 

regulation. In this review, we analyse how aquaporin protein samples have been prepared for 

structural biology. These approaches have guaranteed the supply of samples that are of 

sufficient quality and quantity for further study and that will underpin further functional 

studies in the field. Access to recombinant material will aid the progress of structural 

determination since it allows protein engineering to improve stability of the protein target and 

also the isolation of isoforms, critical aspects that are limitations of working with the native 
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source. The scope of this review is to summarize the experimental approaches that have 

enabled structural analysis of aquaporin homologues to high resolution, specifically the 

details of their expression, purification and functional characterization.  
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Table 1. Aquaporin structures determined to high resolution (<4Å resolution). Aquaporin structures derived 

from recombinant protein production in heterologous hosts are shaded in grey and those derived from 

recombinant production using the homologues host are highlighted in pale yellow. Entries without shading are 

derived from protein extracted from native cells or tissues. 

Target Source Host Method Resolution PDB Code Ref 

EUKARYOTIC          

Mammalian            

AQP0 Bos taurus  - X-ray 2.24 Å 1YMG Harries et al. (2004) 

AQP0 Ovis aries - ED 3.0 Å 1SOR Gonen et al. (2004) 

AQP0 Ovis aries - ED 1.9 Å 2B6O Gonen et al. (2005) 

AQP0 Ovis aries - ED 2.5 Å 3M9I Hite et al. (2010) 

AQP1 Homo sapiens   - ED 3.8 Å 1FQY Murata et al. (2000) 

AQP1 Homo sapiens   - ED 3.7 Å 1IH5 Ren et al. (2001) 

AQP1 Homo sapiens   S. frugiperda X-ray 3.28 Å 4CSK Ruiz Carrillo et al. (2014) 

AQP1 Homo sapiens   P. pastoris NMR - 6POJ Dingwell et al. (2019) 

AQP1 Bos taurus  - X-ray 2.20 Å IJ4N Sui et al. (2001) 

AQP2 Homo sapiens   P. pastoris X-ray 2.75 Å 4NEF Frick et al. (2014) 

AQP2 Homo sapiens   P. pastoris X-ray 3.7 Å 6QF5 Lieske et al. (2019) 

AQP4 Rattus norvegicus S. frugiperda ED 3.2 Å 2D57 Hiroaki et al. (2005) 

AQP4 Rattus norvegicus S. frugiperda ED 2.8 Å 2ZZ9 Tani et al. (2009) 

AQP4 Homo sapiens   P. pastoris X-ray 1.8 Å 3GD8 Ho et al. (2009) 

AQP5 Homo sapiens   P. pastoris X-ray 2.0 Å 3D9S Horsefield et al. (2008) 

AQP7 Homo sapiens   P. pastoris X-ray 1.9 Å 6QZI de Maré et al. (2020) 

AQP10 Homo sapiens   S. cerevisiae X-ray 2.3 Å 6F7H Gotfryd et al. (2018) 

Plant            

PIP2;1 Spinacia oleracea P. pastoris X-ray 2.1 Å 1Z98 Törnroth-Horsefield et al. (2006) 

PIP2;1 Spinacia oleracea P. pastoris X-ray 2.3 Å 3CLL Nyblom et al. (2009) 

PIP2;4 Arabidopsis thaliana   P. pastoris X-ray 3.7 Å 6QIM Wang et al. (2019) 

TIP2;1 Arabidopsis thaliana   P. pastoris X-ray 1.18 Å 5I32 Kirscht et al. (2016) 

Eukaryotic microorganism           

PfAQP Plasmodium falciparum   E. coli X-ray 2.05 Å 3C02 Newby et al. (2008) 

Yeast            

Aqy1 P. pastoris - X-ray 1.15 Å 2W2E Fischer et al. (2009) 

Aqy1 P. pastoris - X-ray 0.88 Å 3ZOJ Kosinska Eriksson et al. (2013) 

PROKARYOTIC          

Methanothermobacter marburgensis        

AqpM M. marburgensis  E. coli X-ray 1.68 Å 2F2B Lee et al. (2005) 

Escherichia coli          

AqpZ E. coli E. coli X-ray 2.5 Å 1RC2 Savage et al. (2003) 

AqpZ E. coli E. coli X-ray 3.2 Å 2ABM Jiang et al. (2006) 

AqpZ E. coli E. coli X-ray 2.3 Å 2O9D Savage & Stroud (2007) 

AqpZ E. coli E. coli X-ray 2.4 Å 3NK5 Savage et al. (2010) 

GlpF E. coli E. coli X-ray 2.2 Å 1FX8 Fu et al. (2000) 

GlpF E. coli E. coli X-ray 2.1 Å 1LD5 Tajkhorshid et al. (2002) 



  Aquaporin production 

 

11 

 

2. Aquaporin production and characterization 

2.1 The majority of aquaporin structures have human origin 

Of the structures shown in Table 1, 24 have eukaryotic origin (17 mammalian, four plant, one 

eukaryotic microorganism, and two yeast) and seven have prokaryotic origin (one M. 

marburgensis and six E. coli) (Fig. 2A). Among the total number of aquaporin structures, 

about 50% (15) are unique proteins and for several isoforms there are multiple examples of 

structures of the same protein, generally with an increase in resolution over time (Table 1). 

Also worth noting, is that the majority of structures are derived from mammals and nearly 

60% (10/17) of those are recombinantly produced. Of the mammalian aquaporins, six of the 

13 human isoforms are represented by eight structures, being the most common source (26%) 

of all aquaporin structures. Furthermore, there is a clear dominance of crystallization and X-

ray diffraction as method for high resolution structural characterization, while ED has been a 

successful method for early structures of AQP0 [24, 25, 27] and hAQP1 [10, 13], and also for 

AQP4 [22, 23]. 

 

Figure 2. Origin of aquaporin protein samples used for structural determination 2000-2020. A) All 

kingdoms of life are represented; mammals, plant, microorganism, yeast, and bacteria. Eukaryotic targets are 
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shown in white bars and prokaryotic targets are shown in black bars, as listed in Table 1. B) For the first eight 

years, structures of protein derived from the native source dominated, while for the last twelve years, almost all 

aquaporin structures relied on recombinant heterologous production.  
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2.2 Pichia pastoris is the most common host for recombinant production 

Initially, all aquaporin structures were derived from their native source but with time, 

recombinant protein production has become the dominant source of protein for aquaporin 

structural biology (Fig. 2B). More precisely, until 2004, only structures from proteins 

extracted from their native source or recombinant bacterial aquaporins produced in their 

homologous host were solved. In 2005 two ED structures were reported that were derived 

from recombinant production using heterologous hosts; AQP4 from Rattus norvegicus 

produced in S. frugiperdam [22] and AqpM from M. marburgensis produced in E. coli [34]. 

Since 2009, all aquaporin structures but one have been derived from recombinant protein 

production, the exception being Aqy1 extracted from the native membrane of the yeast Pichia 

pastoris (also known as K. phaffii and K. pastoris [56]) [32]. 

 

Looking at the 24 eukaryotic aquaporin structures, the majority of those (63%) are produced 

recombinantly. Of the 15 structures produced using a host different from the native source, the 

vast majority (73%) were produced in yeast; S. cerevisiae or P. pastoris, where hAQP10 is the 

only aquaporin structure of protein produced in S. cerevisiae [20] (Table 1). Furthermore, 

there is only one example of a successful production of a eukaryoic aquaporin in E. coli, and 

that is the PfAQP from the malaria parasite P. falciparum [33]. It is also worth noting that 

insect cells, S. frugiperda, are not commonly used to produce aquaporins, hAQP1 [14] and 

AQP4 from rat [22, 23] being the only proteins produced in this host. In comparison, three 

prokaryotic aquaporin structures have been determined, those of AqpM [34], AqpZ [35-38] 

and GlpF [39, 40] (Table 1). All those proteins are produced recombinantly in E. coli, which 

is the homologues host for AqpZ and GlpF. 
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2.3 Inclusion of polyhistidine tags and truncated termini are common features guiding 

expression construct design 

The actual construct design is of utmost importance for successful recombinant production of 

a membrane protein target commonly using a heterologous host. Taking a closer look at the 23 

recombinant aquaporins for which a structure has been determined, all but two, Aqy1 [31] and 

SoPIP2;1 [28] are produced with a polyhistidine tag for purification, also enabling detection 

by immunoblot (Table 2). The length of the polyhistidine tag typically varies between six and 

ten residues, and for eukaryotic targets, there is no real preference in the location at the N- or 

C-terminus. In contrast, for prokaryotic targets only N-terminal polyhistidine tags have been 

used, with six residues being the most common length. In the design of aquaporin constructs, 

a protease cleavage site is always introduced after the N-terminal polyhistidine-tag while this 

is seldom the case for C-terminal fusions, PIP2;4 from A. thaliana being the only exception 

[29] (Fig. 3A). Furthermore, truncations of hydrophilic extensions are common in the 

construct design in order to remove flexible domains that might disrupt crystal packing. For 

aquaporin structures, however, that approach is relatively uncommon having been used in just 

five of the 16 recombinant eukaryotic proteins representing three aquaporin isoforms; hAQP2 

[15, 16], hAQP7 [19], hAQP10 [20] and AtPIP2;4 [29]. Codon optimization is another 

engineering approach that has been applied for four euakryotic aquaporin targets; hAQP2 [15], 

hAQP10 [20] and AtPIP2;4 [29] produced in yeast as well PfAQP [33] produced in E. coli 

(Table 1 and 2). 
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Table 2. Protein engineering approaches for recombinant production of aquaporins. 

Target 
His-
tag terminus 

cleavage 
site trunc codon opt Ref 

EUKARYOTIC           

Mammalian             

AQP1 6x N TEV - - Ruiz Carrillo et al. (2014) 

AQP1 6x C - - - Dingwell et al. (2019) 

AQP2 8x N TEV yes yes Frick et al. (2014), Lieske et al. (2019) 

AQP4 6x C - - - Hiroaki et al. (2005) 

AQP4 6x C - - - Werten et al. (2001) 

AQP4 8x N 3C - - Ho et al. (2009) 

AQP5 6x C - - - Horsefield et al. (2008) 

AQP7 6x C - yes  de Maré et al. (2020) 

AQP10 8x C - yes yes Gotfryd et al. (2018) 

Plant             

PIP2;1 6x C - - - Törnroth-Horsefield et al. (2006) 

PIP2;1 6x N Throm - - Nyblom et al. (2009) 

PIP2;4 8x C TEV yes yes Wang et al. (2019) 

TIP2;1 10x N TEV - - Kirscht et al. (2016), Karlsson et al. (2003) 

Eukaryotic microorganism        

PfAQP 6x N Throm - yes Newby et al. (2008) 

Yeast             

Aqy1 - - - - - Kosinska Eriksson et al. (2013) 

PROKARYOTIC           

Methanothermobacter marburgensis       

AqpM 10x N FacXa - - Kozono et al. (2003), Lee et al. (2005) 

Escherichia coli           

AqpZ 6x N Tryps - - Savage et al. (2003), Borgnia et al. (1999) 

AqpZ yes N Throm - - Jiang et al. (2006), Daniels et al. (2004) 

AqpZ 6x N Tryps - - 
Savage et al. (2003), Savage & Stroud 
(2007) 

AqpZ 6x N Tryps - - Savage et al. (2003), Savage et al. (2010) 

GlpF 6x N Throm - - Fu et al. (2000) 

GlpF 6x N Throm - - Fu et al. (2000) 
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2.4 Aquaporins are stable in glucopyranosides  

Solubilization of the integral membrane protein is a critical first step in the purification 

process where high efficiency and retained function have to be taken into consideration. For 

aquaporins, an initial membrane wash is an additional common step preceding the actual 

solubilization having the benefit of enriching the yield of integral membrane proteins, 

including the aquaporins, commonly leading to a higher efficiency in the solubilization step. 

The tradition of stripping the membrane from peripheral proteins loosely attached to the 

surface originates from the purification of AQP1 from blood, where 1 M KI was used for the 

early purifications of hAQP1 from red cell membrane vesicles [11]. For eukaryotic 

aquaporins recombinantly produced in various hosts, a urea wash (typically 4M) sometimes 

followed by a NaOH wash (typically 20 mM), is the common procedure. This protocol for 

urea/alkali stripping of the membrane was presented as a crucial step in the purification of 

PM28A (latter called SoPIP2;1) from spinach leaf plasma membranes having dual benefits; 

non-membrane protein contaminants were reduced and the lipid bilayer was more accessible 

for the solubilizing detergent [57]. This wash is applied in most cases, with the exceptions of 

recombinant hAQP1 [12, 14], hAQP4 [17], hAQP10 [20] and PfAQP [33], and there is no 

correlation between membrane wash and the host system used (Table 3). When it comes to 

detergents used for solubilization, there is a clear dominance for n-octyl-β-D-glucopyranoside 

(OG) which was used for nearly 70% of the 31 aquaporins from which a high resolution 

structure is derived (Fig. 3B), and here all the prokaryotic isoforms are included. Thus, 

aquaporins are apparently stable in glucopyranosides, OG as well as its relative n-nonyl β-D-

glucopyranoside (NG), and the more mild long chain detergents, (n-decyl- β-maltoside) DM 

and (n-dodecyl- β-maltoside) DDM, are only used in a few cases; native hAQP0 [24, 25] as 

well as recombinant hAQP7 [19] and hAQP10 [20]. There are also a few cases using more 

unusual detergents for solubilization, like Triton X-100 for native hAQP1 [10] and 
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lauryldimethylamine oxide (LDAO) for AtPIP2;4 [29]. Taken together, aquaporins are 

seemingly robust integral membrane proteins that can tolerate both membrane wash and 

rather harsh treatment for solubilzation without losing their fold and function. The same is 

true for the detergent choice for the subsequent purification and preparation for structural 

determination, OG is by far the most common detergent and the long chain detergents DM 

and DDM are rather uncommon (Fig. 3C). The main difference compared to the 

solubilization step is that octyl glucose neopentyl glycol (OGNPG) are used to some extent, 

for crystallization of recombinant hAQP2 [15, 16] and hAQP7 [19]. In conclusion, some 

detergents are only used for solubilization, although uncommon (TX-100 and LDAO), and a 

detergent exchange is performed for preparation of crystals, while OGNPG detergents is 

solely used for crystallization (OGNPG) (Table 3).  

 

 

Figure 3. Construct design for recombinant production of aquaporins and detergents used for aquaporin 

purification. A) Most aquaporins are produced in fusion with a polyhistidine tag at the N- or C-terminus to 

assist purification and immunodetection. The length of the polyhistidine tag typically varies between six and ten 

residues. For N-terminal polyhistidine tags, a cleavage site is always inserted before the gene sequence while this 

is most often not the case for C-terminal tags. B) Detergents used for solubilization of aquaporins. C) Detergents 

used in the preparation of aquaporins for structural determination using crystallization and X-ray, ED or NMR. 
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2.5 The use of Ni-NTA purification and cleavable polyhistidine tags is the most common 

purification approach 

As already described in section 2.3, a polyhistidine tag is most commonly introduced in the 

construct design for aquaporin recombinant production, in fact as many as 22 of the 31 (71%) 

aquaporin structures are derived from such constructs where an N-terminal polyhistidine tag 

is most commonly cleaved of using a protease cleavage site (Fig. 3A). This means that 

affinity purification is the most typical purification method for aquaporins using Ni-NTA 

chromatography with a pH ranging from 7 to 8, there is only one case, AqpM [34], using 

Co2+-Sepharose instead (Table 3). For those aquaporins that are purified from their native 

source, ion exchange is the most common first purification step, a method that has also been 

used for aquaporins recombinantly produced to high yields in their native form in P. pastoris; 

hAQP5 [18], SoPIP2;1 [28] and Aqy1 [32]. Anion exchange using a pH between 7.5 and 8 is 

slightly more common than cation exchange, where a more wide range of pH is applied, 6 to 9. 

There are two exceptions from the more common procedures for aquaporin purification, and 

that is using phenylboronic acid-agarose (PBA) affinity chromatography as a preceding step 

to anion exchange chromatography for hAQP1 extracted from erythrocytes and an Erythrina 

cristagalli lectin chromatography after, with the purpose to isolate differently glycosylated 

forms of the protein [58]. Independent of the method used for the first purification step, the 

utmost majority of purification procedures include a second purification step consisting of 

Size-Exclusion Chromatography (SEC) using a pH range of 6-8 before preparation for 

structural determination. There are only three exceptions from this where only one 

purification step is applied; native hAQP1 for ED [11], recombinant hAQP1 for NMR [12] as 

well as AQP4 from rat for ED [22] (Table 3).  

Reflecting on the final yield from the various purifications, it is noteworthy that this 

information is commonly lacking. The final concentration for preparation of the protein 
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solution for crystal determination is the more frequent information. This is an interesting 

notion since a high yield of homogenous protein material is an absolute requirement for 

succeeding with structural characterization, mostly pronounced for crystallization approaches 

which most often requires numerous rounds of trial and error. However, in 35% of the cases 

the yield is clearly reported, most often as mg/L, ranging from 0.2-25 mg/L, and in a few 

cases as mg/g cells, ranging from 0,3-1.1 mg/g (Table 3).  
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Table 3. Protein purification of aquaporins for structural determination. 

Target Membrane Detergent  Purification Purification Yield Detergent  Ref 

  wash solubilzation 1st step 2nd step   analysis   

EUKARYOTIC       
 

    

Mammalian            

AQP0 - OG C-IEX3 pH 9 SEC pH 7 N/A NG [26] 

AQP0 - DM A-IEX4 pH 8 SEC pH 8 N/A DM [24] 

AQP0 - OG A-IEX pH 8 SEC pH 8 N/A OG [27] 

AQP1 KI1 TX-100 A-IEX pH 7.8 - N/A OG [10, 11] 

AQP1 - OG PBA5, A-IEX, lectin6 SEC N/A OG [13, 58] 

AQP1 - OG Ni-NTA7 pH 8 SEC pH 8 1-3 mg/L DDM [14] 

AQP1 - OG Ni-NTA pH 8 - N/A OG [12] 

AQP1 N-laurylsarcosine  NG A-IEX pH 7.5 SEC N/A NG [21] 

AQP2 urea NG Ni-NTA pH 8 SEC pH 8 N/A OGNPG [15] 

AQP4 urea, alkali2 OG Ni-NTA pH 7 - 3 mg/L OG [22] 

AQP4 urea, alkali OG Ni-NTA pH 8 SEC pH 8 N/A OG [23, 59] 

AQP4 - OG Ni-NTA pH 7.4 SEC pH 6.0 15 mg/l OG [17] 

AQP5 urea, alkali NG C-IEX pH 6 SEC pH 7.5 N/A NG [18] 

AQP7 alkali DDM Ni-NTA pH 8 SEC pH 7.5 N/A OGNPG [19] 

AQP10 - DM Ni-NTA pH 7.5 SEC pH 8 N/A NG [20] 

Plant              

PIP2;1 urea/alkali OG Ni-NTA pH 7.5/C-IEX pH 7.0 SEC pH 7.5 N/A OG [28] 

PIP2;1 urea, alkali OG C-IEX pH 7.0 SEC pH 7.5 25 mg/L OG [60] 

PIP2;4 urea LDAO Ni-NTA pH 8 SEC pH 8 0,5 mg/g cells OG [29] 

TIP2;1 urea OG Ni-NTA pH 7.8 SEC pH 7.8 1,1 mg/g cells OG [30, 61] 

eukaryotic microorganism             

PfAQP - OG Ni-NTA pH 7.4 SEC pH 7.4 0,2 mg/L OG [33] 

yeast              

Aqy1 urea, alkali OG A-IEX pH 8 SEC pH 8 N/A OG [32, 62] 

Aqy1 alkali OG A-IEX pH 8 SEC pH 8 N/A OG [31, 32, 62] 

PROKARYOTIC            

Methanothermobacter marburgensis          

AqpM - OG Co-Seph8 pH 7.4 SEC pH 7.4 4 mg/L OG [34] 

Escherichia coli            

AqpZ - OG Ni-NTA pH 7.4 SEC pH 6.0 2,5 mg/L OG [36, 63] 

AqpZ - OG Ni-NTA pH 7.5 SEC pH 7.0 12 mg/L OG [35, 64] 

AqpZ - OG Ni-NTA pH 7.4 SEC pH 7.4 10 mg/L OG [36, 38] 

GlpF  OG Ni-NTA SEC N/A OG [39, 40] 

 
1KI, potassium iodide; 2alkali, typically 20 mM NaOH (pH~12) 3C-IEX, cation ion exchange chromatography; 4A-IEX, anion ion exchange 
chromatography; 5PBA, phenylboronic acid-agarose affinity chromatography; 6lectin, Erythrina cristagalli lectin chromatography; 7Ni-NTA, 
immobilized metal affinity chromatography using nickel nitrilotriacetic acid; 8Co-Seph, immobilized metal affinity chromatography using 
cobolt sepharose 
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2.6 Proteoliposome studies combined with molecular dynamics simulations is the 

standardized characterization method  

The most typical way to evaluate the function of purified aquaporins is to reconstitute the 

protein into liposomes. Using a stopped flow spectrophotometer, the proteoliposomes are 

quickly mixed with a high osmolarity solution and, as a consequence, the proteoliposomes 

will shrink faster than the control liposomes due to a more efficient water flow via the 

aquaporins (Fig. 4), a method that was first established for CHIP28, later named hAQP1 [65]. 

Of the 31 aquaporins having a high resolution structure (Table 1), 17 (>50%) were 

functionally characterized using proteoliposomes. The shrinkage upon the sudden increase in 

external osmolarity is measured as scattered light at the wavelength around 438 nm and the 

fixed angle of 90°. Light scattering was used for all water flow measurements for the 

examples shown in Table 1, typically measured for 1 second. For increased sensitivity of the 

assay, proteoliposomes can be preloaded with carboxy-fluorescein (typically 0.5 mM) and the 

change in fluorescence is recorded at an excitation of 490 nm. The only example of the use of 

fluorescence is the measurement of ammonium transport evaluated for AtTIP2;1 [30]. 

Generally, E. coli Polar Lipid Extract is used to make liposomes for reconstitution of 

aquaporins, as exemplified by recombinant hAQP1 [62]. The effect of the lipid to protein ratio 

is sometimes analysed within the same study which gives rise to different water flow rates for 

a specific aquaporin isoform, as shown for recombinant AqpZ [63], hAQP5 [18] as well as 

SoPIP2;1 [61]. The osmotic gradient is commonly provided by high concentrations of 

sorbitol, around 300 mM [62]. But there are variations to this setup, exemplified by functional 

analysis of recombinant hAQP10 reconstituted in proteopolymersomes and an osmotic 

gradient provided by 0.5 M NaCl [20] as well as Aqy1, where P. pastoris spheroplasts were 

used to assay function [32]. The proteoliposome assay can also be used to evaluate flow of 

carbohydrates such as glycerol flow via GlpF [39]. The negative control constituted of empty 
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liposomes is most commonly included. Whenever applicable, the protein specific inhibition 

by mercury is also included, first identified as an inhibitor by binding to cysteine 189 in 

hAQP1 [66].  

The resulting data are normally presented as the graph from the scattered light, where 

averaged curves from multiple mixing events are commonly shown. Frequently, the curves 

are fitted to a one or two exponential equation to estimate the rate constant for the initial 

event, presented with statistic, and sometimes the osmotic water permeability coefficient (Pf) 

is calculated where the size of the proteoliposomes are taken into account.  

 

Figure 4. Functional analysis of aquaporins reconstituted in liposomes. Scattered light is measured upon 

shrinkage of the liposomes following an increase in external osmolarity. 
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Furthermore, structural and functional analyses are frequently accompanied by molecular 

dynamics (MD) simulations, which is the case for nearly 30% of the studies in Table 1 (9/31). 

Simulations have assisted the understanding of how water flow excludes protons in the 

bacterial glycerol channel GlpF [40] and the water channel hAQP4 [17], and also illustrated 

the detailed movement of water molecules through the AQY1 channel at a resolution of 0.88 

Å [31]. Specificity among different aquaporin isoforms has also been studied by MD to 

evaluate glycerol as well as ammonia flow in hAQP7 [19] and AtTIP2:1 [30], respectively. 

Furthermore, simulations have been involved in the analysis of aquaporin gating by pH in 

hAQP10 [20], by pH and phosphorylation in SoPIP2;1 [60] as well as by mechanosensitivity 

and phosphorylation in AQY1 [32]. To study the regulatory mechanism defined by 

phosphorylation, however, a multi-faceted approach is commonly needed in combination with 

structural analysis [44]. Taken together, MD and functional analysis using proteoliposomes is 

generally combined to support structural analysis, with three exceptions where MD has been 

used alone; hAQP7 [19] as well as follow up studies on GlpF [40] and AQY1 [31].   
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3. A consensus on aquaporin production emerges 

Membrane proteins are well known challenging targets to study, mainly due to difficulties in 

extracting the high amount needed for structural efforts from the biological membrane, most 

pronounced for eukaryotic targets [67]. However, development of host systems combined 

with sophisticated engineering approaches has led to an increase in the number of high 

resolution structures, also for one of the most challenging protein families, the GPCRs 

(https://blanco.biomol.uci.edu/mpstruc/). The observed increase in eukaryotic structures goes 

hand in hand with the development of suitable eukaryotic production hosts, such as HEK293 

cells and insect cells (S. frugiperda), but also yeast (S. cerevisiae and P. pastoris) [68]. For 

proteins from the GPCR family, for example, insect cells are more or less established as the 

recombinant production host of choice [69], while a simpler eukaryotic host, like yeast, has 

worked well for eukaryotic aquaporins. Indeed, there are examples of very high recombinant 

production of hAQP1 in both S. cerevisiae [70] and P. pastoris [62], where the latter is the 

basis for the only aquaporin NMR structure presented in Table 1 [12]. Further comparisons 

with GPCRs show that more advanced engineering approaches were required to produce 

sufficiently stable proteins in high yields, including truncations, fusions, chimeras as well as 

stabilizing mutations [69], while a more simplistic approach has worked well for aquaporin 

constructs (Fig. 3A). It is also worth noting that aquaporins commonly tolerate a harsh 

membrane wash, which provides a first enrichment step having the potential to make 

subsequent solubilization and purification more efficient, where short chain detergents (like 

OG and NG) are most frequently used throughout the whole process. Taken together, this 

illustrates that aquaporins in general constitute stable membrane proteins that, in comparison 

with more flexible and more challenging membrane protein targets like GPCRs, are rather 

straight forward targets for structural approaches (since protein stability is a key factor for 

success). However, this fact does not exclude the need for optimization efforts based on the 

https://blanco.biomol.uci.edu/mpstruc/
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observation that homologues aquaporins are produced to different levels in yeast [71]. For 

codon-optimized sequences [72], certain homologues such as hAQP4 required substantial 

optimization of the genetic design in order to achieve high yields in P. pastoris [73]. Worth 

noting as well, is that codon optimization is a rather common approach for producing 

aquaporins for structural characterization in microbial hosts like yeast and bacteria, 

exemplified by hAQP2 [15], hAQP10 [20], AtPIP2;4 [29] and PfAQP [33] (Table 2). 

 

Furthermore, worth reflecting on is whether high resolution structures are relevant 

determinants for successful protein production. The productions of SoPIP2;1 [61], hAQP1 

[62] and hAQP10 [72] definitely point in this direction where high production levels were 

reported well in advance of the structure. Worth keeping in mind, as well, is that it is 

surprisingly difficult to compare yields of pure aquaporins from various production 

approaches and purifications; a systematic way to report yields is lacking meaning it is 

difficult to make proper comparisons between production trials even using the same system, 

and even less straight forward comparing systems with different cell densities. There is no 

consistency in the reporting of the yield; sometimes the final yield is reported and sometimes 

it is the yield after one purification step. Still, comparing reported yields for all structurally-

determined aquaporins indicates that the apparent highest yield of a recombinant eukaryotic 

aquaporin is SoPIP2;1 produced in P. pastoris (25 mg/L) [60]. For a prokaryotic aquaporin, 

the highest yield achieved was for AqpZ, produced in E. coli, up to 13 mg/L [64]. This could 

be compared to even higher yields reported for hAQP1 recombinantly produced in P. pastoris 

where 90 mg/L was achieved after a two-step purification procedure [62] as well as 26.4 mg 

of affinity-purified hAQP10 from 50 g S. cerevisiae [72]. Overall, comparing the recombinant 

production of all aquaporins for which there is a high resolution structure, a consensus on 
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successful production emerges (Fig. 5), where the intrinsic benefit of using P. pastoris as host 

is the high cell mass achieved via fermenter growth [74].  

 

Figure 5. The most widely-used procedure for recombinant aquaporin production, purification and 

structural determination. Comparing all aquaporin structures determined to high resolution over the last 20 

years, the most widely-used experimental strategy is recombinant production in P. pastoris (eukaryotic targets), 

membrane wash in urea followed by a wash in NaOH after cell breakage and fractionation, solubilization in OG, 

Ni-NTA purification, cleavage of the polyhistidine tag (if it is located in the N-terminus) using TEV-protease, a 

second purification step using size exclusion chromatography (SEC), possibly involving a detergent change, and 

finally preparation of crystals in OG for structural determination using X-ray crystallography. 

 

Functionality is a critical assessment for purified proteins, especially so for integral membrane 

proteins where solubilization by detergents could be in conflict with proper folding and 

activity. In the beginning, functional data were not always included together with structural 

evaluation, but it is more or less standard in the more recent publications, sometimes also 

together with MD simulations and mutational analysis to shed light on molecular 

mechanisms. Evaluating aquaporin function using proteoliposomes is an accurate system in 

the sense that only one specific protein function is assayed at a time. Worth noting, however, 

is that it is difficult to compare functional data for purified aquaporins evaluated in different 

experiments, even for a specific aquaporin isoform. This is mainly due to the fact that there is 

no systematic way to specify activity as both initial rates, k, and the water permeability 
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constant, Pf, are reported. In addition, there are minor differences in the various setups used to 

measure function and, as a consequence, variations are reported for the same AQP isoform; 

exemplified by the initial rate measured for recombinant SoPIP2;1: k=10-15 s-1 [61] and 

33.1±1.3 s−1 [62] where the applied lipid to protein ratio influences the measurement. A 

similar observation is made for recombinant AqpZ; k= 73,9 s-1 [38] and 102.9 s−1 [37]. 

Therefore, reliable comparisons ideally should be evaluated using the same settings in the 

same experimental setup. Furthermore, evaluation of proteoliposomes using stopped flow is a 

rather temperamental method where intrinsic variations in the preparations are difficult to 

avoid. It is therefore of major importance to include proper statistics when presenting the data 

which includes biological as well as technical repeats. Biological repeats must be done on 

reconstituted samples that use proteins from different purification trials and cultures, while 

technological repeats are replicate assays on the same reconstituted sample. In addition to 

that, averaged curves should be shown from each single technical repeat. Very seldom, 

however, such robust evaluation (with calculated standard deviations) is reported for 

aquaporin functional assessment.  

 

Together with the power of genetic design, recombinant production also has the capacity to 

produce interesting mutants based on the structural evaluation, to be assessed in vivo or in 

vitro. The complication here is that both for cell based systems and reconstituted protein in 

liposomes, the actual protein amount could vary as a parameter linked to protein function and 

stability. As a consequence, the observed effect could be retrieved from different amounts of 

protein, something that has to be reflected on and adjusted for. This is not always taken into 

consideration, giving a high risk of misinterpretations of observed effects. A common 

practice, however, is to divide the measured velocities by estimated yields from SDS-PAGE 

gels or immunoblots which is a more accurate estimation of the actual velocity. Care has to be 
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taken, though, to ensure that the measured rate is within the linear range of the effect. 

Nevertheless, this aspect deserves to be reflected on when drawing conclusions based on 

comparisons of proteins, and ideally both real and adjusted data should be shown, as seen for 

mutational analysis of SoPIP2;1 [60]. 

 

Summarizing the findings in Table 1 and Fig. 5, we note that the majority of aquaporin 

structures are determined by X-ray crystallography following crystallization of stable proteins 

in short chain detergents. Furthermore, as observed in Table 2, this commonly comes with the 

use of engineered proteins which are fused to tags for purification and are frequently 

truncated at their termini. It could be concluded that we have now established a concept for 

the production of individual aquaporins suitable for structural determination, and that we are 

now heading towards the understanding of function in a cellular context. However, aquaporin 

function includes regulation by proteins and protein complexes [48, 75], which commonly 

necessitates full length proteins for proper analysis. Related to this, methods including BiFC 

have been applied to keep low affinity aquaporin complexes together as a preparative step for 

structural evaluation [76]. Hence, it will be interesting to see what the development of EM 

will bring to the field. For example, a low-resolution structure of AQP0-CaM combined with 

MD and mutational analysis revealed the gating mechanism of AQP0 [77]. Furthermore, 

recent development in solid state NMR open up alternative methods of structural 

determination of membrane proteins and their complexes; the structure of hAQP1 is an 

exciting example of this [12]. Taken together, progress in recombinant production of 

aquaporins offers a framework for future insight into their regulatory mechanisms [44, 78-81] 

and cellular functions by combining structural evaluation and biochemical characterization. 
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4. Conclusions 

Based on all high resolution structures achieved during the last 20 years, a consensus on how 

to produce high-quality samples of recombinant aquaporins has emerged. For a new 

aquaporin target, E. coli is a good choice to produce prokaryotic homologues and P. pastoris 

for those of eukaryotic origin. A cleavable N-terminal polyhistidine tag is recommended, and 

native sequence is preferred if yields are sufficient. OG most commonly works for 

solubilisation and purification using a two-step purification procedure: Ni-NTA affinity 

purification followed by SEC often results in high purity. Thus far, crystallization and X-ray 

crystallography have been the most successful approach for structural determination. It will be 

interesting to follow the development in membrane protein structure determination using ED 

and NMR and also the analysis of protein complexes in order to shed further light on 

regulatory mechanisms. Finally, a robust set of biological and technical repeats should be 

included in any functional evaluation using proteoliposomes assayed by stopped flow. 
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