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ABSTRACT 

Measuring or computing the single-channel permeability of aquaporins/aquaglyceroporins (AQPs) has 

long been a challenge. The measured values scatter over an order of magnitude but the corresponding 

Arrhenius activation energies converge in the current literature. Osmotic flux through an AQP was 

simulated as water current forced through the channel by kilobar hydraulic pressure or theoretically 

approximated as single-file diffusion. In this paper, we report large scale simulations of osmotic current 

under sub M gradient through three water channels (the water-specific AQP4 and AQP5 along with 

aquaglyceroporin GlpF) using the mature particle mesh Ewald technique (PME) for which the established 

force fields have been optimized with known accuracy. These simulations were implemented with hybrid 

periodic boundary conditions devised to avoid the artifactitious mixing across the membrane in a regular 

PME simulation. The computed single-channel permeabilities at 5°C and 25°C are in agreement with 

recently refined experiments on GlpF. The Arrhenius activation energies extracted from our simulations 

for all the three AQPs agree with the in vitro measurements. The single-file diffusion approximations 

from our large-scale simulations are consistent with the current literature on smaller systems. From these 

unambiguous agreements among the in vitro and in silico studies, we observe the quantitative accuracy of 

the all-atom force fields of the current literature for water-channel biology. We also observe that AQP4, 

that is particularly rich in the central nervous system, is more efficient in water conduction and more 

temperature-sensitive than other water-specific channel proteins. 
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INTRODUCTION 

Aquaporins/aquaglyceroporins (AQPs)[1-16], the water/glycerol channel proteins, are fundamental and 

ubiquitous in living organisms. Naturally, these membrane proteins have been investigated in a great 

many experimental and theoretical/computational studies, e.g., Refs. [4, 16-34] on GlpF and AQPZ 

expressed in E. coli, Refs. [8, 35-77] on AQP4, and Refs. [38, 70, 78-86] on AQP5. An essential task in 

the computational studies of aquaporins is to compute the channel permeability as the ratio between the 

osmotic current and the osmolyte concentration gradient that induces the water flux through the AQP 

channel, in direct parallel to the experimental measurements. Due to technical difficulties in the numerical 

implementation of osmotic flux induced by a sub M concentration gradient, a few studies[87, 88] have 

been accomplished to substitutionally compute the permeability from the water flux induced by kilobar 

hydraulic pressure. Due to the large pressure gradient across the membrane, these studies leave open the 

question about far out-of-equilibrium effects that are absent under physiological conditions. Many 

computational studies (e.g. Refs. [17, 22, 50, 51, 57, 79, 89-91]) have been conducted on the basis of the 

theoretical approximation of single-file diffusion[88, 91, 92]. The accuracy of these single-file diffusion 

approximations has not been ascertained because the in vitro measurements of single-channel 

permeability have proven to be very challenging as well. In fact, the experimental data on a given AQP 

scatter over the range of an order of magnitude. Recent experimental investigations have given us some 

converging data on some AQPs including GlpF[16] and AQP4[37]. In contrast to the scatter of the 

absolute values of permeabilities, certainty has been consistent in the in vitro measurements of the 

Arrhenius activation barrier which is rather independent of the membrane-protein expression levels and of 

the temperatures of the experiments. AQP1, AQP5, AQPZ and GlpF (if not inhibited by glycerol[17]) 

were all measured to have an Arrhenius activation barrier around 3 kcal/mol. Interestingly, AQP4 was 

measured to have about 5 kcal/mol, indicating this particular water channel is far more temperature-

sensitive than others. (Namely, AQP4’s permeability increases more than other aquaporins when the 
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temperature is elevated.) However, theoretical/computational studies predicted <3 kcal/mol for all cases 

including AQP4 in the current literature. 

In this paper, we present a computational study of two water-specific channels (AQP4 and AQP5) and 

one water-glycerol channel (GlpF) at two temperatures (5°C and 25°C) in direct correspondence to the in 

vitro experiments. We conducted large-scale simulations of all-atom model systems in which the signal-

to-noise ratios were sufficiently high to achieve unambiguous accuracy. We computed the osmotic 

permeability under near-physiological conditions directly as the osmotic water-current divided by the 

osmolyte-concentration gradient, achieving close agreement with the latest refined experimental data. We 

also conducted single-file diffusion approximations in all six cases (three AQPs at two temperatures) 

which are consistent with the current literature on smaller systems, indicating single-file diffusion 

approximations are not quantitatively accurate. From the temperature-dependence of the permeabilities, 

we extracted the Arrhenius activation barriers for the three AQPs that are all in excellent agreement with 

the in vitro results. From the differentiation between the dynamic characteristics of AQP4 and AQP5, we 

gained atomistic insights (structures and fluctuations) about why AQP4 is preferable for maintaining 

hydrohomeostasis of the central nervous system.  

 

METHODS 

Our main objective is to achieve clear signal-to-noise ratios in direct computations of the water flux 

induced by a sub M osmolyte concentration gradient across the membrane. To achieve this goal, we build 

model systems four times as large as those in the current literature. Each model system consists of four 

tetramers (16 water channels) of either of the three proteins embedded in a large patch of lipid bilayer 

representing the cellular membrane. We compute the osmotic permeability under near-physiological 

conditions directly as the osmotic water-current divided by the osmolyte-concentration gradient. We 

employ a hybrid periodic boundary conditions (PBC) for a particle mesh Ewald (PME) implementation 

with the CHARMM force field.[93] In the hybrid PBC scheme, images of the system volume (cell) are 
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arranged periodically in all three dimensions as in a usual PBC setup but a rigid plane/wall parallel to the 

membrane is placed at the top/bottom of the system volume to eliminate the artifactitious mixing between 

the aqueous volumes on the two sides of the membrane that is intrinsic in the usual PBC scheme. In this 

manner, we are able to maintain, for a sufficient period of time, a constant osmotic flux through 16 

aquaporin channels induced by a sub M concentration gradient across the membrane. In fact, during the 

simulation time of 40 ns, the osmolyte concentration gradient decreased by less than 0.5% in all cases. 

Shown in Fig. 1 is the all-atom model system of GlpF (PDB code: 1FX8[30]) which consists of 

four GlpF tetramers (16 individual monomers/channels) embedded in a patch of 

phosphatidylethanolamine (POPE C16:0C18:1) lipid bilayer with a layer of saline of higher 

concentration on the top side (z>0) and a layer of saline of 150 mM on the bottom side (z<0). The 

Cartesian coordinates are set up so that the xy-plane is parallel to the lipid bilayer. The usual 

PBCs are implemented in all three dimensions but the interfaces parallel to the xy-plane between 

the system and its images along the z-direction are impenetrable preventing the artificial mixing 

between the two sides of the lipid bilayer. An atom approaching the top and the bottom interfaces 

will be elastically reflected, namely, the z-component of its velocity will be inverted but the xy-

components will remain unaltered. The images along the xy-directions are treated in the usual 

way of PBC.  

In order to lower computing costs, we first built a small patch (1/4 of the membrane area of the 

large system) with one tetramer embedded in the lipid bilayer which is sandwiched between two 

layers of 150 mM saline. We equilibrated the system for 100 ns with equilibrium molecular 

dynamics (MD) under constant temperature and constant pressure. We replicated the fully 

equilibrated system thrice in the xy-plane and patched them together to form the large system that 

has four times the membrane area of the small system. Then we added additional NaCl to the top 

side of the system to established an osmolyte concentration gradient across the membrane. In 

similar manners, we built up the model systems of AQP4-M1 (PDB code: 3GD8[8]) and AQP5 
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(PDB code: 3D9S[82]), which are illustrated in Figs. S1 and S2 of the supplemental information 

(SI). Conducting 40 ns MD runs for each of the six systems (three systems at two different 

temperatures), we counted the number of waters on the top side (z>0) as a function of time and 

used linear regression to extract the osmotic flux across the membrane through the aquaporin 

water pores. For the purpose of validation, we counted separately the number of waters that 

crossed the membrane from the bottom side to the top side but not through the 16 water channels, 

which amounted to less than 1% in all cases.  

 

Fig. 1. Model system of GlpF at 5C. Shown in the left panel are the top view of four GlpF 
tetramers (16 individual water channels/monomers) embedded in a patch of POPE lipid bilayer. 
The proteins are shown as spheres and the lipids as licorices, all colored by atom names. Shown in 
the right panels are the side views of the GlpF model system. Top, lipids, proteins, and ions (Na+ 
and Cl−) are all shown as spheres colored by atom names. Bottom, waters are shown as spheres 
colored by atom names. Colors by atom names: C, cyan; N, blue; H, white; O, red; Na+, light 
yellow; Cl−, green; S, yellow; P, red. The fully equilibrated system of GlpF has the dimensions of

229 1 2228 1Å Å Å  . It consists of 601548 atoms. This and other model systems were built and 
the molecular graphics were rendered with VMD[94]. 

 

In all the equilibrium and nonequilibrium MD runs, we used CHARMM36[93] force field for all 

the intra- and inter-molecular interactions. We implemented the Langevin stochastic dynamics 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 27, 2017. ; https://doi.org/10.1101/102343doi: bioRxiv preprint 

https://doi.org/10.1101/102343
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 
 

with NAMD[95] to simulate the systems at constant temperature of 278/298 K and constant 

pressure of 1 bar for equilibrium MD runs or constant volume for nonequilibrium MD runs. Full 

electrostatics were implemented by means of PME at a resolution of 256 2256 1 8  . The time 

step was 1 fs for the short-range and 2 fs for the long-range interactions. The PME was updated 

every 4 fs. The damping constant was 5/ps. Explicit solvent TIP3P model was used.  

RESULTS AND DISCUSSION 

In Fig. 2 and SI, Figs. S3 to S5, we plot the osmotic currents of water through GlpF, AQP4, and AQP5 at 

5C and 25C in response to a sub M osmolyte concentration gradient across the membrane. Linear 

regressions in all six cases give, with high confidence of fitting, the results of single-channel 

permeabilities which are tabulated in Table I along with relevant data from the literature. Tabulated in 

Table II are the Arrhenius activation barriers (energies) that indicate the temperature-sensitivities of 

AQP4, AQP5, and GlpF, which are in clear agreement with the experimental data of the current literature. 

Table I. Single-channel permeabilities (in 10−13cm3/s) of GlpF, AQP4 and AQP5. 
AQP/ 
Temperature 

Experimental data 
(current literature) 

This work (direct 
computation) 

Not via 
water pores 

Single-file diffusion 
computation 

GlpF/5°C 11.7[16] 11.4 0.0% 0.58 [Fig. 3A] 
GlpF/25°C 19.0[16] 17.9 0.6% 0.86 to 1.3[22], 1.1[17] 

0.89 [Fig. 3B] 
AQP4/5°C 1.9(at 10°C)[71] 4.36 0.0% 0.34 [SI, Fig. S7A] 
AQP4/25°C 3.5[37]a 7.67 0.3% 0.95[50], Direct: 3.3[37]b 

0.42 [SI, Fig. S7B] 
AQP5/5°C AQPZ:1.7[16] 

AQP1:3.3[16]  
AQP1:0.5(at 10°C)[71] 

3.32 0.0% 0.41 [SI, Fig. S8A] 

AQP5/25°C 0.5(at 20°C)[70] 
AQPZ:2.9[16] 
AQP1:5.3[16] 

4.82 0.0% 0.7[79]  
0.50 [SI, Fig. S8B] 
AQPZ: 0.32 to 0.44[22] 

aValue for POPC (C22:1)(C22:1) lipids in experiments. bDirect computation using POPC (C22:1)(C22:1) 
lipids. 
 

Table II. Arrhenius activation barriers (kcal/mol). 
AQP Experimental data  

(representative values) 
This work (direct 
computation) 

Computed Gibbs free-energy 
barrier 

GlpF 4.0[16] 3.8 1.5[4]; 1.7[89]; 3.4[19];  
AQP4 4.5[71];5.5[67] 4.7 2.6 [SI, Fig. S9] 
AQP5 3.4[80]; AQP1: 3.1[96]; AQPZ: 3[29] 3.1 2.8[79]; AQP1: 1.4[4]; 3.1[19] 
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Fig. 2. Water flux through GlpF induced by osmotic gradient at two temperatures: (A) Top panel, 5C. 
(B) Bottom panel, 25C. 
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Fig. 3. Mean square displacement of waters inside the single-file region of the GlpF channel: (A) Top 
panel, 5C. (B) Bottom panel, 25C. 
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Analyzing our results in light of the current literature (Tables I and II), we observe the following three 

points: 

First, the single-channel permeabilities of GlpF and AQP4. The experimental data on the absolute 

values of the aquaporin permeabilities scatter over a range from a fraction of to more than ten times of 

10−13cm3/s per single channel. The difficulty to ascertain these values has long been known for the fact 

that it is difficult to determine the aquaporin densities on the membrane. In a recent experimental 

research[16], extensive efforts led to high confidence in the extracted values of GlpF permeability. The 

permeability of GlpF at 5°C was found to be 11.7×10−13cm3/s per single channel[16]. Interestingly, GlpF, 

a glycerol channel, was thought to poorly conduct water[29]. Later on, the glycerol-GlpF interaction was 

computed and glycerol was identified as an inhibitor of water permeation through GlpF[17]. Now the 

carefully refined experiments[16] show that GlpF’s permeability is in fact very high. Our direct 

computation gave 11.4×10−13cm3/s (Fig. 2 and Table I), which is in perfect agreement with the in vitro 

data (11.7×10−13cm3/s).  

Another recent experimental study[37] was on AQP4 in POPC liposome which gave its permeability as 

3.5×10−13cm3/s per single channel. The direct computation of the same authors produced 

3.3×10−13cm3/s[37] at 25°C. These numbers compare well with our result of 7.67×10−13cm3/s (Table I and 

SI, Fig. S3) at the same temperature for AQP4 embedded in a POPE lipid bilayer. The difference between 

our results on AQP4 and the experimental data of Ref. [37] may have come from the fact POPE and 

POPC have different effects on AQP4. AQP4’s permeability was shown to be sensitive to the lengths of 

the POPC lipids used in Ref. [37]. The POPC head group is significantly bulkier than the POPE head 

group. We suggest that POPCs of longer tails have weaker stress on the protein’s extracellular and 

cytoplasmic ends and thus do not suppress AQP4 permeability as much as the shorter POPC lipids used in 

Ref. [37]. In contrast, POPE lipids do not exert a significant stress on the ends of AQP4. 

Correspondingly, this water channel embedded in a POPE bilayer has a higher permeability than the cases 

of POPC lipids.  
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In the many computational studies of the current literature including two studies[87, 88] using kilobar 

hydraulic pressure and many studies[17, 22, 50, 51, 57, 79, 89-91] using the theoretical formalism of 

single-file diffusion[92], the consensual results are around a fraction of 10−13cm3/s per single channel for 

AQPs 1, 4, 5, Z, and GlpF (when not occluded by glycerol). In Fig. 3 and SI, Figs. S6 to S8, we show the 

results of single-file diffusion from our large-scale simulations, which are all consistent with the current 

literature on smaller model systems (Table I). This agreement between the large and small systems 

indicates that the single-file diffusion approaches have reached convergence. Since the converged results 

are significantly away from the latest experimental data, we consider the possibility that water permeation 

through AQPs under osmotic gradient not be exactly single-file diffusion. We examined the water flows 

in the single-file channels and noticed constant fluctuations of the waters lining up approximately in 

single file inside a water pore by the hydrogen-bonding network with the pore-wall residues and with one 

another, which are definitely not rigid or in perfect order. Therefore, we conclude that the theoretical 

approximation of single-file diffusion gives us qualitative and fundamental understanding of aquaporin 

permeability but not quantitative accuracy. Direct computation of osmotic flux in sub M concentration 

gradient is necessary to produce quantitative evaluations of the aquaporin permeabilities. 

Second, the Arrhenius activation barriers were experimentally determined to be around 3 kcal/mol for 

all water channels except AQP4 for which it is around 5 kcal/mol (Table II). The Gibbs free-energy 

computations all gave lower values in the free-energy barrier. This does not indicate that the free-energy 

computations were significantly inaccurate but means that the entropic contribution, TΔS (proportional to 

the absolute temperature T), is not negligibly small. The entropy barrier ΔS is opposite in sign to the 

energy barrier (the highest energy minus the lowest energy within the channel region). The entropy at the 

location of the highest energy is actually lower than the entropy at the location of the lowest energy. The 

experimentally measured Arrhenius activation barrier should not be compared with the free-energy barrier 

directly but with the activation energies extracted from the permeability computations. The agreements 

between our computed and the experimentally measured activation energies (Table II) are excellent in all 
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three cases, which indicate the accuracy of the force fields in the current literature for water-protein 

interactions and the validity of our large-scale simulations.  

Third, what are the structural basis for AQP4’s strong temperature-sensitivity and high 

permeability? In Refs. [70, 71], experiments already indicated that AQP4 has higher permeability than 

other water-specific channels. The experiments also showed that AQP4 has an Arrhenius activation 

barrier about 5 kcal/mol.[67, 71] A higher activation barrier means that AQP4 is much more temperature-

sensitive than other water channel proteins. Namely, when the temperature is elevated, AQP4 increases its 

permeability more than other aquaporins. These characteristics of AQP4 correspond well its central role 

in keeping the hydrohomeostasis of the central nervous system, particularly at elevated temperatures. Our 

direct computation of permeabilities under near-physiological conditions is in perfect agreement with 

both of these AQP4 characteristics. Moreover, we computed the distances between the Arg and His 

residues that form the ar/R selectivity filter motifs of AQP4 and AQP5 (shown in Fig. 5). The 

significantly smaller fluctuations in AQP4 than in AQP5 well agree with the experimental data that the 

ar/R motif of AQP4 is more rigid than the ar/R motif of AQP5. The beta factors of AQP4-Arg216 are 

around 23[8] in contrast with AQP5-Arg188 having beta factors around 30[82].  
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Fig. 4. Fluctuations of the ar/R selectivity filter of AQP4 (top panel) and AQP5 (bottom panel). AQP4: 
distance between CZ of Arg 216 and CE1 of His 201. AQP5: distance between CZ of Arg 188 and CE1 
of His 173. 
 

 

CONCLUSIONS 

Through large scale simulations, we drew the following conclusions. In terms of methods, a model 

system of four aquaporin tetramers (16 channels) is large enough to have a signal to noise ratio for 

unambiguous results of osmotic currents induced by sub M concentration gradients across the membrane. 

The results of near-physiological simulations do not contradict but quantitatively differ from the far out-

of-equilibrium simulations using kilo-bar hydraulic pressure. They also differ from the theoretical 

approximations on the basis of single-file diffusion inside the water channels. In terms of biophysical 
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insights, AQP4, which plays a dominant role in hydrohomeostasis of the central nervous system is much 

more temperature-sensitive and more permeable than other water-specific channel proteins, e.g., AQP5 

that is largely responsible for water transport in saliva glands. Interestingly, AQP4 and AQP5 are 

structurally very similar in terms of hydrogen-bond networks formed by the waters inside a conducting 

pore with the pore-lining residues. Yet, they have very different temperature sensitivities due to differing 

dynamics behaviors of the ar/R motif residues. Indeed, minor differences in the structures-dynamics of a 

protein can cause significant differences in its biological functions.  

 

 

SUPPLEMENTAL INFORMATION 

Additional figures are shown in Figs. S1-S13 of the SI for AQP4/5 system setup, simulation data, AQP4’s 

free-energy profile, and the differences between AQP4 and AQP5 in their ar/R dynamics (fluctuations). 

 

ACKNOWLEDGEMENTS 

The authors acknowledge support from the NIH (GM 084834 and GM 060655) and the computing 

resources provided by the Texas Advanced Computing Center at University of Texas at Austin.  

 

REFERENCES 

1. Agre, P., M. Bonhivers, and M.J. Borgnia, The Aquaporins, Blueprints for Cellular Plumbing 
Systems. Journal of Biological Chemistry, 1998. 273(24): p. 14659-14662. 

2. Heymann, J.B. and A. Engel, Aquaporins: Phylogeny, Structure, and Physiology of Water 
Channels. Physiology, 1999. 14(5): p. 187-193. 

3. Murata, K., et al., Structural determinants of water permeation through aquaporin-1. Nature, 
2000. 407(6804): p. 599-605. 

4. de Groot, B.L. and H. Grubmüller, Water Permeation Across Biological Membranes: Mechanism 
and Dynamics of Aquaporin-1 and GlpF. Science, 2001. 294(5550): p. 2353-2357. 

5. Engel, A. and H. Stahlberg, Aquaglyceroporins: Channel proteins with a conserved core, multiple 
functions, and variable surfaces, in International Review of Cytology, W.D.S. Thomas Zeuthen, 
Editor. 2002, Academic Press: Cambridge, MA. p. 75-104. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 27, 2017. ; https://doi.org/10.1101/102343doi: bioRxiv preprint 

https://doi.org/10.1101/102343
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 
 

6. Gonen, T. and T. Walz, The structure of aquaporins. Quarterly Reviews of Biophysics, 2006. 
39(04): p. 361-396. 

7. Carbrey, J.M. and P. Agre, Discovery of the Aquaporins and Development of the Field Aquaporins, 
E. Beitz, Editor. 2009, Springer Berlin Heidelberg. p. 3-28. 

8. Ho, J.D., et al., Crystal structure of human aquaporin 4 at 1.8 Å and its mechanism of 
conductance. Proceedings of the National Academy of Sciences, 2009. 106(18): p. 7437-7442. 

9. Branden, M., et al., Refractive-index-based screening of membrane-protein-mediated transfer 
across biological membranes. Biophys J, 2010. 99(1): p. 124-33. 

10. Benga, G., On the definition, nomenclature and classification of water channel proteins 
(aquaporins and relatives). Molecular Aspects of Medicine, 2012. 33(5–6): p. 514-517. 

11. Abramson, J. and A.S. Vartanian, Watch Water Flow. Science, 2013. 340(6138): p. 1294-1295. 
12. Gravelle, S., et al., Optimizing water permeability through the hourglass shape of aquaporins. 

Proceedings of the National Academy of Sciences, 2013. 110(41): p. 16367-16372. 
13. Kosinska Eriksson, U., et al., Subangstrom Resolution X-Ray Structure Details Aquaporin-Water 

Interactions. Science, 2013. 340(6138): p. 1346-1349. 
14. Oberg, F. and K. Hedfalk, Recombinant production of the human aquaporins in the yeast Pichia 

pastoris (Invited Review). Mol Membr Biol, 2013. 30(1): p. 15-31. 
15. Verkman, A.S., M.O. Anderson, and M.C. Papadopoulos, Aquaporins: important but elusive drug 

targets. Nat Rev Drug Discov, 2014. 13(4): p. 259-277. 
16. Horner, A., et al., The mobility of single-file water molecules is governed by the number of H-

bonds they may form with channel-lining residues. Science Advances, 2015. 1(2): p. e1400083. 
17. Chen, L.Y., Glycerol modulates water permeation through Escherichia coli aquaglyceroporin 

GlpF. Biochimica et Biophysica Acta (BBA) - Biomembranes, 2013. 1828(8): p. 1786-1793. 
18. Savage, D.F., et al., Structural context shapes the aquaporin selectivity filter. Proceedings of the 

National Academy of Sciences, 2010. 107(40): p. 17164-17169. 
19. Aponte-Santamaria, C., J.S. Hub, and B.L. de Groot, Dynamics and energetics of solute 

permeation through the Plasmodium falciparum aquaglyceroporin. Physical Chemistry Chemical 
Physics, 2010. 12(35): p. 10246-10254. 

20. Savage, D.F. and R.M. Stroud, Structural Basis of Aquaporin Inhibition by Mercury. Journal of 
Molecular Biology, 2007. 368(3): p. 607-617. 

21. Jiang, J., B.V. Daniels, and D. Fu, Crystal Structure of AqpZ Tetramer Reveals Two Distinct Arg-189 
Conformations Associated with Water Permeation through the Narrowest Constriction of the 
Water-conducting Channel. Journal of Biological Chemistry, 2006. 281(1): p. 454-460. 

22. Jensen, M.Ø. and O.G. Mouritsen, Single-Channel Water Permeabilities of Escherichia coli 
Aquaporins AqpZ and GlpF. Biophysical journal, 2006. 90(7): p. 2270-2284. 

23. Lee, J.K., et al., Water and glycerol permeation through the glycerol channel GlpF and the 
aquaporin family. Journal of Synchrotron Radiation, 2004. 11(1): p. 86-88. 

24. Savage, D.F., et al., Architecture and Selectivity in Aquaporins: 2.5 Å X-Ray Structure of 
Aquaporin Z. PLoS Biol, 2003. 1(3): p. e72. 

25. Lu, D., P. Grayson, and K. Schulten, Glycerol Conductance and Physical Asymmetry of the 
Escherichia coli Glycerol Facilitator GlpF. Biophysical journal, 2003. 85(5): p. 2977-2987. 

26. Tajkhorshid, E., et al., Control of the Selectivity of the Aquaporin Water Channel Family by Global 
Orientational Tuning. Science, 2002. 296(5567): p. 525-530. 

27. Jensen, M.Ø., et al., Energetics of glycerol conduction through aquaglyceroporin GlpF. 
Proceedings of the National Academy of Sciences, 2002. 99(10): p. 6731-6736. 

28. Pohl, P., et al., Highly selective water channel activity measured by voltage clamp: analysis of 
planar lipid bilayers reconstituted with purified AqpZ. Proceedings of the National Academy of 
Sciences of the United States of America, 2001. 98(17): p. 9624-9. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 27, 2017. ; https://doi.org/10.1101/102343doi: bioRxiv preprint 

https://doi.org/10.1101/102343
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 
 

29. Borgnia, M.J. and P. Agre, Reconstitution and functional comparison of purified GlpF and AqpZ, 
the glycerol and water channels from Escherichia coli. Proceedings of the National Academy of 
Sciences, 2001. 98(5): p. 2888-2893. 

30. Fu, D., et al., Structure of a Glycerol-Conducting Channel and the Basis for Its Selectivity. Science, 
2000. 290(5491): p. 481-486. 

31. Borgnia, M.J., et al., Functional reconstitution and characterization of AqpZ, the E. coli water 
channel protein. Journal of molecular biology, 1999. 291(5): p. 1169-1179. 

32. Maurel, C., et al., Functional characterization of the Escherichia coli glycerol facilitator, GlpF, in 
Xenopus oocytes. Journal of Biological Chemistry, 1994. 269(16): p. 11869-11872. 

33. Heller, K.B.L., E. C. C.; Wilson, T. Hastings Substrate specificity and transport properties of the 
glycerol facilitator of Escherichia coli. . Journal of Bacteriology, 1980. 144(1): p. 5. 

34. Heller, K.B., E.C. Lin, and T.H. Wilson, Substrate specificity and transport properties of the 
glycerol facilitator of Escherichia coli. Journal of Bacteriology, 1980. 144(1): p. 274-278. 

35. Yu, L., et al., 1,3-Propanediol binds inside the water-conducting pore of aquaporin 4: Does this 
efficacious inhibitor have sufficient potency? J Syst Integr Neurosci 2016. 2(1): p. 91-98. 

36. Vindedal, G.F., et al., Removal of aquaporin-4 from glial and ependymal membranes causes 
brain water accumulation. Molecular and Cellular Neuroscience, 2016. 77: p. 47-52. 

37. Tong, J., et al., The Water Permeability and Pore Entrance Structure of Aquaporin-4 Depend on 
Lipid Bilayer Thickness. Biophysical Journal, 2016. 111(1): p. 90-99. 

38. Pelagalli, A., et al., Expression and Localization of Aquaporin 4 and Aquaporin 5 along the Large 
Intestine of Colostrum-Suckling Buffalo Calves. Anatomia, Histologia, Embryologia, 2016. 45(6): 
p. 418-427. 

39. Kitchen, P., et al., Structural Determinants of Oligomerization of the Aquaporin-4 Channel. 
Journal of Biological Chemistry, 2016. 291(13): p. 6858-6871. 

40. English, N.J. and J.-A. Garate, Near-microsecond human aquaporin 4 gating dynamics in static 
and alternating external electric fields: Non-equilibrium molecular dynamics. The Journal of 
Chemical Physics, 2016. 145(8): p. 085102. 

41. Vella, J., et al., The central role of aquaporins in the pathophysiology of ischemic stroke. Frontiers 
in Cellular Neuroscience, 2015. 9: p. 108. 

42. Mangiatordi, G.F., et al., Challenging AQP4 druggability for NMO-IgG antibody binding using 
molecular dynamics and molecular interaction fields. Biochimica et Biophysica Acta (BBA) - 
Biomembranes, 2015. 1848(7): p. 1462-1471. 

43. Danziger, J. and M.L. Zeidel, Osmotic Homeostasis. Clinical Journal of the American Society of 
Nephrology, 2015. 10(5): p. 852-862. 

44. Smith, A.J., et al., Aggregation state determines the localization and function of M1– and M23–
aquaporin-4 in astrocytes. The Journal of Cell Biology, 2014. 204(4): p. 559-573. 

45. Pisani, F., et al., Identification of a Point Mutation Impairing the Binding between Aquaporin-4 
and Neuromyelitis Optica Autoantibodies. Journal of Biological Chemistry, 2014. 289(44): p. 
30578-30589. 

46. Oklinski, M.K., et al., Immunolocalization of Water Channel Proteins AQP1 and AQP4 in Rat 
Spinal Cord. Journal of Histochemistry & Cytochemistry, 2014. 62(8): p. 598-611. 

47. Katada, R., et al., Greatly improved survival and neuroprotection in aquaporin-4-knockout mice 
following global cerebral ischemia. The FASEB Journal, 2014. 28(2): p. 705-714. 

48. Chen, S.-J., et al., Overactivation of corticotropin-releasing factor receptor type 1 and aquaporin-
4 by hypoxia induces cerebral edema. Proceedings of the National Academy of Sciences, 2014. 
111(36): p. 13199-13204. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 27, 2017. ; https://doi.org/10.1101/102343doi: bioRxiv preprint 

https://doi.org/10.1101/102343
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 
 

49. Assentoft, M., et al., AQP4 plasma membrane trafficking or channel gating is not significantly 
modulated by phosphorylation at COOH-terminal serine residues. American Journal of Physiology 
- Cell Physiology, 2014. 307(10): p. C957-C965. 

50. Alberga, D., et al., A new gating site in human aquaporin-4: Insights from molecular dynamics 
simulations. Biochimica et Biophysica Acta (BBA) - Biomembranes, 2014. 1838(12): p. 3052-
3060. 

51. Reale, R., et al., Human aquaporin 4 gating dynamics under and after nanosecond-scale static 
and alternating electric-field impulses: A molecular dynamics study of field effects and 
relaxation. The Journal of Chemical Physics, 2013. 139(20): p. 205101. 

52. Nagelhus, E.A. and O.P. Ottersen, Physiological Roles of Aquaporin-4 in Brain. Physiological 
Reviews, 2013. 93(4): p. 1543-1562. 

53. Jungo Kato, M.K.H., Shinnosuke Aizu, Yoshinori Yukutake, Junzo Takeda, Masato Yasui, A general 
anaesthetic propofol inhibits aquaporin-4 in the presence of Zn2+. Biochem. J. , 2013. 454 p. 275-
282. 

54. Tradtrantip, L., et al., Small-molecule inhibitors of NMO-IgG binding to aquaporin-4 reduce 
astrocyte cytotoxicity in neuromyelitis optica. The FASEB Journal, 2012. 26(5): p. 2197-2208. 

55. Tong, J., Margaret M. Briggs, and Thomas J. McIntosh, Water Permeability of Aquaporin-4 
Channel Depends on Bilayer Composition, Thickness, and Elasticity. Biophysical Journal, 2012. 
103(9): p. 1899-1908. 

56. Haj-Yasein, N.N., et al., Glial-conditional deletion of aquaporin-4 (Aqp4) reduces blood–brain 
water uptake and confers barrier function on perivascular astrocyte endfeet. Proceedings of the 
National Academy of Sciences, 2011. 108(43): p. 17815-17820. 

57. Cui, Y. and D.A. Bastien, Water transport in human aquaporin-4: Molecular dynamics (MD) 
simulations. Biochemical and Biophysical Research Communications, 2011. 412(4): p. 654-659. 

58. Moftakhar, P., et al., Aquaporin Expression in the Brains of Patients With or Without Cerebral 
Amyloid Angiopathy. Journal of Neuropathology & Experimental Neurology, 2010. 69(12). 

59. Tanimura, Y., Y. Hiroaki, and Y. Fujiyoshi, Acetazolamide reversibly inhibits water conduction by 
aquaporin-4. Journal of Structural Biology, 2009. 166(1): p. 16-21. 

60. Huber, V.J., et al., Inhibition of Aquaporin 4 by antiepileptic drugs. Bioorganic & Medicinal 
Chemistry, 2009. 17(1): p. 418-424. 

61. Yukutake, Y., et al., Mercury chloride decreases the water permeability of aquaporin-4-
reconstituted proteoliposomes. Biology of the Cell, 2008. 100(6): p. 355-363. 

62. Papadopoulos, M.C. and A.S. Verkman, Potential utility of aquaporin modulators for therapy of 
brain disorders, in Progress in Brain Research, D.N. Inga and L. Rainer, Editors. 2008, Elsevier: 
New York, NY. p. 589-601. 

63. Graber, D., et al., Neuromyelitis optica pathogenesis and aquaporin 4. Journal of 
Neuroinflammation, 2008. 5(1): p. 22. 

64. Huber, V.J., et al., Identification of arylsulfonamides as Aquaporin 4 inhibitors. Bioorganic & 
Medicinal Chemistry Letters, 2007. 17(5): p. 1270-1273. 

65. Hiroaki, Y., et al., Implications of the Aquaporin-4 Structure on Array Formation and Cell 
Adhesion. Journal of Molecular Biology, 2006. 355(4): p. 628-639. 

66. Papadopoulos, M.C. and A.S. Verkman, Aquaporin-4 Gene Disruption in Mice Reduces Brain 
Swelling and Mortality in Pneumococcal Meningitis. Journal of Biological Chemistry, 2005. 
280(14): p. 13906-13912. 

67. Solenov, E., et al., Sevenfold-reduced osmotic water permeability in primary astrocyte cultures 
from AQP-4-deficient mice, measured by a fluorescence quenching method. American Journal of 
Physiology - Cell Physiology, 2004. 286(2): p. C426-C432. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 27, 2017. ; https://doi.org/10.1101/102343doi: bioRxiv preprint 

https://doi.org/10.1101/102343
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 
 

68. Manley, G.T., et al., Aquaporin-4 deletion in mice reduces brain edema after acute water 
intoxication and ischemic stroke. Nat Med, 2000. 6(2): p. 159-163. 

69. Rash, J.E., et al., Direct immunogold labeling of aquaporin-4 in square arrays of astrocyte and 
ependymocyte plasma membranes in rat brain and spinal cord. Proceedings of the National 
Academy of Sciences, 1998. 95(20): p. 11981-11986. 

70. Yang, B. and A.S. Verkman, Water and Glycerol Permeabilities of Aquaporins 1–5 and MIP 
Determined Quantitatively by Expression of Epitope-tagged Constructs inXenopus Oocytes. 
Journal of Biological Chemistry, 1997. 272(26): p. 16140-16146. 

71. Yang, B., A.N. van Hoek, and A.S. Verkman, Very High Single Channel Water Permeability of 
Aquaporin-4 in Baculovirus-Infected Insect Cells and Liposomes Reconstituted with Purified 
Aquaporin-4. Biochemistry, 1997. 36(24): p. 7625-7632. 

72. Nielsen, S., et al., Specialized Membrane Domains for Water Transport in Glial Cells: High-
Resolution Immunogold Cytochemistry of Aquaporin-4 in Rat Brain. The Journal of Neuroscience, 
1997. 17(1): p. 171-180. 

73. Frigeri, A., et al., Immunolocalization of the mercurial-insensitive water channel and glycerol 
intrinsic protein in epithelial cell plasma membranes. Proceedings of the National Academy of 
Sciences, 1995. 92(10): p. 4328-4331. 

74. Jung, J.S., et al., Molecular characterization of an aquaporin cDNA from brain: candidate 
osmoreceptor and regulator of water balance. Proceedings of the National Academy of Sciences, 
1994. 91(26): p. 13052-13056. 

75. Hasegawa, H., et al., Molecular cloning of a mercurial-insensitive water channel expressed in 
selected water-transporting tissues. Journal of Biological Chemistry, 1994. 269(8): p. 5497-5500. 

76. Agre, P., et al., Aquaporin CHIP: the archetypal molecular water channel. American Journal of 
Physiology - Renal Physiology, 1993. 265(4): p. F463-F476. 

77. Nicchia, G.P., et al., D184E mutation in aquaporin-4 gene impairs water permeability and links to 
deafness. Neuroscience, 2011. 197: p. 80-88. 

78. Kaldenhoff, R., L. Kai, and N. Uehlein, Aquaporins and membrane diffusion of CO2 in living 
organisms. Biochimica et Biophysica Acta (BBA) - General Subjects, 2014. 1840(5): p. 1592-1595. 

79. Zhang, Y.B. and L.Y. Chen, In silico study of Aquaporin V: Effects and affinity of the central pore-
occluding lipid. Biophysical Chemistry, 2013. 171: p. 24-30. 

80. Satoh, K., et al., Roles of AQP5/AQP5-G103D in carbamylcholine-induced volume decrease and in 
reduction of the activation energy for water transport by rat parotid acinar cells. Pflügers Archiv 
- European Journal of Physiology, 2012. 464(4): p. 375-389. 

81. Kaldenhoff, R., Mechanisms underlying CO2 diffusion in leaves. Current Opinion in Plant Biology, 
2012. 15(3): p. 276-281. 

82. Horsefield, R., et al., High-resolution x-ray structure of human aquaporin 5. Proceedings of the 
National Academy of Sciences, 2008. 105(36): p. 13327-13332. 

83. Yang, F., J.D. Kawedia, and A.G. Menon, Cyclic AMP Regulates Aquaporin 5 Expression at Both 
Transcriptional and Post-transcriptional Levels through a Protein Kinase A Pathway. Journal of 
Biological Chemistry, 2003. 278(34): p. 32173-32180. 

84. Song, Y. and A.S. Verkman, Aquaporin-5 Dependent Fluid Secretion in Airway Submucosal 
Glands. Journal of Biological Chemistry, 2001. 276(44): p. 41288-41292. 

85. Krane, C.M., et al., Salivary Acinar Cells from Aquaporin 5-deficient Mice Have Decreased 
Membrane Water Permeability and Altered Cell Volume Regulation. Journal of Biological 
Chemistry, 2001. 276(26): p. 23413-23420. 

86. Ma, T., et al., Defective secretion of saliva in transgenic mice lacking aquaporin-5 water 
channels. J Biol Chem, 1999. 274(29): p. 20071-4. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 27, 2017. ; https://doi.org/10.1101/102343doi: bioRxiv preprint 

https://doi.org/10.1101/102343
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 
 

87. Zhu, F., E. Tajkhorshid, and K. Schulten, Pressure-Induced Water Transport in Membrane 
Channels Studied by Molecular Dynamics. Biophysical Journal, 2002. 83(1): p. 154-160. 

88. Zhu, F., E. Tajkhorshid, and K. Schulten, Theory and Simulation of Water Permeation in 
Aquaporin-1. Biophysical Journal, 2004. 86(1): p. 50-57. 

89. Chen, L.Y., D.A. Bastien, and H.E. Espejel, Determination of equilibrium free energy from 
nonequilibrium work measurements. Physical Chemistry Chemical Physics, 2010. 12(25): p. 6579-
6582. 

90. Hashido, M., M. Ikeguchi, and A. Kidera, Comparative simulations of aquaporin family: AQP1, 
AQPZ, AQP0 and GlpF. FEBS Letters, 2005. 579(25): p. 5549-5552. 

91. Hashido, M., A. Kidera, and M. Ikeguchi, Water Transport in Aquaporins: Osmotic Permeability 
Matrix Analysis of Molecular Dynamics Simulations. Biophysical Journal, 2007. 93(2): p. 373-385. 

92. Zhu, F., E. Tajkhorshid, and K. Schulten, Collective diffusion model for water permeation through 
microscopic channels. Phys Rev Lett, 2004. 93(22): p. 224501. 

93. Vanommeslaeghe, K., et al., CHARMM general force field: A force field for drug-like molecules 
compatible with the CHARMM all-atom additive biological force fields. Journal of Computational 
Chemistry, 2010. 31(4): p. 671-690. 

94. Humphrey, W., A. Dalke, and K. Schulten, VMD: Visual molecular dynamics. Journal of Molecular 
Graphics, 1996. 14(1): p. 33-38. 

95. Phillips, J.C., et al., Scalable molecular dynamics with NAMD. Journal of Computational 
Chemistry, 2005. 26(16): p. 1781-1802. 

96. Zeidel, M.L., et al., Reconstitution of functional water channels in liposomes containing purified 
red cell CHIP28 protein. Biochemistry, 1992. 31(33): p. 7436-7440. 

 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 27, 2017. ; https://doi.org/10.1101/102343doi: bioRxiv preprint 

https://doi.org/10.1101/102343
http://creativecommons.org/licenses/by-nc-nd/4.0/

