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Abstract
Major intrinsic protein (MIP) superfamily contains water-transporting AQP1 and glycerol-specific GlpF belonging to two 
major phylogenetic groups, namely aquaporins (AQPs) and aquaglyceroporins (AQGPs). MIP channels have six transmem-
brane helices (TM1 to TM6) and two half-helices (LB and LE). LE region contributes two residues to the aromatic/arginine 
(Ar/R) selectivity filter (SF) within the MIP channel. Bioinformatics analyses have shown that all AQGPs have an intra-
helical salt-bridge (IHSB) in LE half-helix and all AQGPs and majority of AQPs have helix destabilizing Gly and/or Pro in 
the same region. In this paper, we mutated in silico the acidic and basic residues in GlpF to Ser and introduced salt-bridge 
interaction in AQP1 LE half-helix by substituting Ser residues at the equivalent positions with acidic and basic residues. We 
investigated the influence of IHSB in LE half-helix on the transport properties of GlpF and AQP1 mutant channels using 
molecular dynamics simulations. With IHSB abolished in LE half-helix, the GlpF mutant exhibited a significantly reduced 
water transport. In contrast, the introduction of IHSB in the two AQP1 mutants has increased water transport. Absence of 
salt-bridge in LE half-helix alters the SF geometry and results in a higher energy barrier for the solutes in the Ar/R selectiv-
ity filter. Presence/absence of IHSB in LE half-helix influences the channel transport properties and it is evident especially 
for the AQGPs. By modulating its helical flexibility, LE half-helix can perhaps play a regulatory role in transport either on 
its own or in conjunction with other extracellular regions.

Keywords  Water channels · Transport mechanism · Potential of mean force · Channel regulation · Membrane protein 
simulation

Introduction

Water-transporting aquaporin (AQP) AQP1 and glycerol-
specific aquaglyceroporin (AQGP) GlpF are among the most 
characterized channels belonging to the superfamily of major 
intrinsic proteins (MIPs) (Fu et al. 2000; Sui et al. 2001). 
Members of MIP channels transport neutral solutes across 
the membranes and they are present in all three domains 
of life. Bioinformatics studies of several genome sequences 
identified more than 1500 MIPs from bacteria, archaea, 
fungi, plants, non-mammalian metazoans, and mammalians 
(Abascal et al. 2014; Gupta and Sankararamakrishnan 2009; 
Gupta et al. 2012; Verma et al. 2014). Phylogenetic analysis 
of non-plant MIP sequences identified two major families, 
AQPs and AQGPs. Structures of more than 20 MIPs from 
different species have been determined at atomic resolu-
tion. All MIP channels adopt a unique hourglass helical 
fold which is characterized by six transmembrane helical 
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segments (TM1 to TM6) and two half-helices (LB and 
LE). The half-helices meet at the middle of the membrane 
to form the seventh pseudo-transmembrane helix (Verma 
et al. 2015a) (Fig. 1A). There are two narrow constriction 
regions within the channel, one formed by the two conserved 
NPA motifs and the other by four residues from TM2, TM5 
and the LE segment of the channel called aromatic/arginine 
(Ar/R) selectivity filter (SF).

Experimental and computer simulation studies have 
investigated the mechanism of water and/or glycerol trans-
port and proton blockage in AQP1 and GlpF channels. 
Molecular dynamics simulations of human AQP1 suggested 
that the Ar/R selectivity filter is likely to act as a proton fil-
ter (de Groot and Grubmuller 2001). Computer simulation 
studies have also explored the factors in pure water channels 
like AQP1 that are responsible for excluding glycerol (Wang 
et al. 2005). Calculation of potential of mean force profiles 
using steered molecular dynamics of two MIP channels from 
the same species, Escherichia coli, revealed a large energy 
barrier due to steric constraints for the water channel AqpZ 
at the Ar/R constriction compared to the glycerol-specific 
GlpF. The question of permeation of gases such as CO2, 
O2 and NH3 was investigated by calculating the free energy 
profiles along AQP1 and GlpF channels and the energy bar-
riers were compared with those calculated across the lipid 

bilayers (Hub and de Groot 2006, 2008). Both hydropho-
bicity and the size of the molecule seem to be the major 
factor for the solute permeability and the Ar/R selectivity 
filter is the site of major energy barrier in AQP1 channels. 
The role of arginine and its interactions with the solute is 
suggested to be especially important in the solute selectiv-
ity. Apart from the well studied AQP1 and GlpF, molecular 
dynamics simulations have also been performed on other 
mammalian aquaporins including AQP0 (Jensen et al. 2008), 
AQP4 (Alberga et al. 2014), and AQP5 (Janosi and Cecca-
relli 2013). MIP members from other species such as E. coli 
AqpZ (Xin et al. 2011), yeast Aqy1 (Fischer et al. 2009), 
plant SoPIP2;1 (Khandelia et al. 2009), PfAQP from Plas-
modium falciparum (Aponte-Santamaria et al. 2010), and 
archaeal AqpM (Araya-Secchi et al. 2011) have also been 
investigated using simulation techniques. Several of these 
simulation studies compared the rate of water transport with 
AQP1 and solute selectivity with both AQP1 and GlpF. The 
possible role played by the respective Ar/R SF regions has 
been explored in these studies.

In addition to the selectivity and transport of solutes, 
gating and regulation of channel transport are important 
features in a channel’s function. Experimental and compu-
tational studies have examined the gating mechanisms of 
several aquaporin channels. MIP channel’s regulation has 

Fig. 1   A Structure of GlpF (PDB ID: 1FX8) (Fu et al. 2000) shown 
as a representative structure of a MIP channel. The LB and LE half-
helices are displayed in blue and orange respectively. Rest of the 
structure is shown in gray color. The acidic and basic residues at 
LE.54 and LE.58 are shown in magenta and green color respectively. 
LE half-helices from each of the four monomers are superposed on 
the same region from the starting structure (green) for B GlpF-mut, C 
AQP1-mut1 and D AQP1-mut2. The side-chains of acidic and basic 

residues mutated at positions LE.54 and LE.58 are shown in stick 
representation in AQP1 mutant structures. The Ser residues substi-
tuted at the same positions are also displayed in stick representation 
in GlpF-mut. Loop B half-helical region from all four monomers is 
superposed on the starting structure for E GlpF-mut, F AQP1-mut1 
and G AQP1-mut2. UCSF Chimera (Pettersen et al. 2004) was used 
in all molecular plots. (Color figure online)
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been investigated in AQP1, GlpF, and other members of 
MIP superfamily. In a recent study, our group has shown 
that almost 99% of MIP channels in a dataset of 1468 MIPs 
contain at least one helix destabilizing residues (Gly and/
or Pro) in the functionally important LE half-helix (Verma 
et al. 2015b). This LE region contributes two out of four 
residues to the formation of Ar/R selectivity filter. In the 
same bioinformatics study, it was also shown that an intra-
helical salt-bridge (IHSB) is present in almost all the AQGP 
members but this stabilizing interaction is conspicuously 
absent in non-AQGPs. The acidic residue participating in 
IHSB is located immediately after the conserved NPA motif. 
The acidic and basic residues are separated by four positions. 
The helical geometry in the LE half-helix will position the 
oppositely charged residues one above the other that will 
enable them to participate in a salt-bridge interaction. The 
same helical turn also contains at least one helix destabi-
lizing residue in AQGPs. Subsequent molecular dynamics 
simulations demonstrated that the LE half-helix is more sta-
ble in GlpF compared to AQP1 (Verma et al. 2015b). Poten-
tial of mean force profiles (PMF) were calculated for AQP1 
wild-type and its mutant in which the helix destabilizing 
Gly in the LE half-helical region was substituted by helix-
promoting Ala. PMF profiles supported by number of water 
permeation events indicated a correlation between LE half-
helix stability and water transport in AQP1 (Verma et al. 
2015b). In this paper, we have carried out MD simulations of 
three mutant MIP channels. In GlpF mutant, the salt-bridge 
forming acidic and basic residues were substituted by Ser. 
In AQP1 mutants, Ser residues in the equivalent positions 
were substituted by charged residues so that they can form 
a salt-bridge. The two AQP1 mutants differed in the ini-
tial structures, one with the IHSB and the other without the 
IHSB to begin with. Our simulation results demonstrate that 
the presence/absence of IHSB in LE half-helix can be cor-
related with the rate of water transport across the channels.

Materials and Methods

Initial Structures

The structures of GlpF (PDB ID: 1FX8) (Fu et al. 2000) and 
AQP1 (PDB ID: 1J4N) (Sui et al. 2001) were downloaded 
from the Protein Data Bank (PDB) (Berman et al. 2000). 
In the generic structure-based numbering scheme proposed 
for the MIP superfamily (Verma et al. 2015a), the acidic 
and basic residues of LE half-helix in GlpF correspond to 
D207LE.54 and K211LE.58 respectively (Fig. 1A). Accord-
ing to this numbering scheme, the reference position for the 
LE half-helix is the highly conserved Asn of NPA motif 
and is given the number 50. The other residue numbers in 
loop LE are relative to this number. The numbers 207 and 

211 are the actual residue numbers of GlpF protein. This 
numbering scheme is similar to that proposed for G protein-
coupled receptors (Ballesteros and Weinstein 1995), trans-
porters (Beuming et al. 2006), and SWEET family members 
(Gupta and Sankararamakrishnan 2018) and this will be fol-
lowed throughout this paper. The residues S198LE.54 and 
S202LE.58 in AQP1 channel are at the equivalent positions 
of acidic and basic residues of GlpF. The residue numbers 
of conserved arginine that is part of the Ar/R selectivity 
filter are R206LE.53 and R197LE.53 in GlpF and AQP1 
respectively. The following mutants were generated in sil-
ico from GlpF and AQP1 wild-type channels using UCSF 
Chimera program (Pettersen et al. 2004). In GlpF, the resi-
dues D207LE.54 and K211LE.58 were both replaced by Ser 
and henceforth this mutant will be referred as GlpF-mut. In 
AQP1, S198LE.54 and S202LE.58 residues were substituted 
by Asp and Arg respectively. Two AQP1 mutant models 
were considered for further studies. In AQP1-mut1, the side-
chain conformations of Asp and Arg were chosen such a way 
that they were away from each other. In AQP1-mut2, the 
Asp and Arg residues formed salt-bridge interaction in the 
initial structure. All the three mutant models were the start-
ing structures for our molecular dynamics (MD) simulations.

Simulation Protocol

We followed the same MD protocol which we used in our 
earlier simulations of GlpF and AQP1 wild-type channels 
(Verma et al. 2015b). The channel-bilayer complex sys-
tem was constructed using a pre-equilibrated, pre-hydrated 
POPE bilayer containing 340 lipids (Tieleman and Berend-
sen 1998). Since GlpF and AQP1 are observed as tetramers 
under physiological conditions, the channel tetramers were 
generated and inserted in the lipid patch as per the protocol 
explained in Kandt et al. (Kandt et al. 2007). The systems 
were simulated using the GROMACS suite of software 
(Version 4.5.5) (Hess et al. 2008). We have used Berger’s 
united atom force-filed for lipids (Berger et al. 1997) com-
patible with the all atom OPLS force-field for the proteins 
(Jorgensen et al. 1996) (Dr. Bert de Groot, Personal Com-
munication). TIP3P water model (Jorgensen et al. 1983) 
was used. The systems were neutralized by adding chloride 
counter ions and the ion parameters were used from OPLS-
AA force-field. The size of the systems varied from 75,300 
to 79,500 atoms. All of them were energy minimized before 
equilibration.

Equilibration of each system consisted of two stages. In 
the first stage, while positions of all the lipid atoms were 
restrained, a harmonic force constant of 10,000 kJ/mol/
nm2 was applied on all protein atoms to restrain them. 
The positional restraints on lipid atoms were gradually 
removed in steps of 100 ps and NVT ensemble was used 
at this stage. The second stage used NPT ensemble. At this 
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stage, the system was then equilibrated for a period of 1 ns 
with restraints only on the protein atoms. A further 10 ns 
equilibration was carried out without any restraints on any 
atoms. Membrane normal (Z-axis) and membrane plane 
(X − Y) were coupled separately using semi-isotropic cou-
pling system.

Particle Mesh Ewald (PME) method (Essmann et al. 
1995) was used to calculate long-range electrostatic calcu-
lations. A cut-off of 12 Ǻ was employed to determine VDW 
interactions. Constant temperature (T = 310 K) and constant 
pressure (P = 1 bar) were maintained using Nose–Hoo-
ver coupling algorithm (Cheng and Merz 1996) and Par-
rinello–Rahman algorithm (Parrinello and Rahman 1981) 
respectively. Production runs consisted of 100 ns simulation 
and periodic boundary conditions were applied in all three 
directions.

Analysis of Water Transport Properties

Water permeation events, potential of mean force (PMF) 
profiles and pore radius profiles were calculated for all 
four monomers of the GlpF and AQP1 mutant channels 
as described in the previous studies (Aponte-Santamaria 
et al. 2010; Verma et al. 2015b). The results obtained for 
the mutant channels were compared with that of wild-type. 
Average number of water molecules at each position along 
the pore axis (Z-axis) was considered for evaluating the PMF 
profiles for the entire 100 ns MD simulation. For each mono-
mer of GlpF/AQP1 wild-type or mutant, the PMF profile 
was calculated using Eq. (1).

Where kB, T and < ni(z) > are Boltzmann constant, tem-
perature and average number of water molecules at a par-
ticular pore coordinate along the pore axis respectively. 
NPA motif was considered as a reference point with Z = 0 
Ǻ and the PMF profiles were calculated from − 30 to + 30 
Ǻ with positive and negative sides towards cytoplasmic and 
extracellular regions respectively. This method of calculat-
ing PMF underestimates the free energy of bulk water at 
the entrance and exit of the channels of each monomer and 
hence a trapezoidal correction (Aponte-Santamaria et al. 
2010) was applied to account for this. The computed correc-
tion values were: 6.43, 6.30 and 6.46 for GlpF-mut, AQP1-
mut1 and AQP1-mut2 respectively. Bert de Groot and his 
co-workers have demonstrated that the PMF profiles calcu-
lated using this approach shows an excellent agreement with 
the free energy profiles obtained using umbrella simulations 
(Hub and de Groot 2006, 2008).

To find out the number of water permeation events in 
each monomer, a cylinder of 18 Ǻ length and 5 Ǻ radius was 
aligned along the pore axis with the centroid of NPA motif 
lying at the position Z = 0 Ǻ. The cylindrical axis varied 

(1)Gi(z) = − k
B
Tln < ni(z) >

from Z = + 13 Ǻ (extracellular side) and Z = − 5 Ǻ (cyto-
plasmic side). A permeation event is counted when a water 
molecule completely passes through the cylinder from one 
end to the other end entering from any direction. The pore 
radius profile for each monomer was calculated using the 
program HOLE (Smart et al. 1996). The procedure to calcu-
late the pore radius profile is described in detail in our earlier 
studies (Bansal and Sankararamakrishnan 2007).

Results

Transport properties such as number of water permeable 
events and channel characteristics including potential of 
mean force (PMF) profiles and pore radius profiles were 
determined from the simulations for the mutant channels. 
Results obtained for the mutant channels were compared 
with that found in the corresponding wild-type channels. 
Initial results of wild-type simulations have been reported 
in our earlier studies by Verma et al. (Verma et al. 2015b). 
We performed additional analyses on wild-type channels 
wherever necessary and the results have been compared with 
those obtained for the mutant channels.

Loop E Half‑Helix Stability in GlpF and AQP1 
Channels: Wild‑Type Versus Mutants

We have calculated the root mean-square deviation (RMSD) 
of GlpF and AQP1 mutant channels and compared them 
with that of wild-type simulations (Verma et al. 2015b). The 
RMSD varied from 0.7 to 1.8 Ǻ for wild-type and mutant 
channels of GlpF and AQP1 (Table 1). The stability of all six 
transmembrane helices and the two half-helices was exam-
ined and compared between the wild-type and mutant chan-
nels. DSSP (Kabsch and Sander 1983) plots were used for 
this purpose and all six transmembrane helices were found 
to be stable in both wild-type and mutant channels (data not 
shown). However, we have found marked difference in the 
stability of loop E half-helix. In almost all four monomers of 
GlpF-mut, the loop E half-helix was moderately or severely 
disrupted indicating that the absence of IHSB and the pres-
ence of two helix destabilizing residues played a major role 
in LE half-helix stability and disrupted the helical character 
of this region (Fig. S1 in the Supporting Material). When an 
IHSB was introduced through acidic and basic residues at 
LE.54 and LE.58 positions in the loop E half-helix of AQP1, 
the two mutant channels displayed relatively more stable 
helical character compared to the wild-type especially in 
the middle region of the helix (Fig. S1). However, it should 
be noted that LE half-helix in all four monomers exhibited 
certain amount of flexibility in both wild-type and mutant 
channels of GlpF and AQP1. This is further confirmed by 
comparing the stable helical nature of the other half-helix 
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from loop LB (Fig. S2 in the Supporting Material). DSSP 
plots of LB half-helix for all the wild-type and mutant AQP1 
and GlpF channels revealed that the helical segment of LB 
half-helix is extremely stable. The initial and final structures 
of LE and LB half-helices from all monomers are super-
posed and are shown in Fig. 1. Hence, with both GlpF and 
AQP1 possessing helix-breaking residue(s), presence or 
absence of IHSB appears to decrease or further increase the 
flexibility of LE half-helix.

Comparison of Water Transport in GlpF Wild‑Type 
and Mutant Channels

We then wanted to find out whether the loss of IHSB or its 
introduction in loop E half-helix has any implication on the 
transport properties of the GlpF and AQP1 channels. We 
calculated the number of water permeation events for all 
four monomers of mutant channels and compared with that 
found in the wild-type channels. In all the four monomers, 
the number of water permeation events in GlpF mutant is 
40 compared to 180 in GlpF wild-type (Table 1). Thus the 

absence of IHSB seems to have consequence in the transport 
properties of GlpF channel.

Among all the monomers, M1 showed the maximum 
number of water permeation events in GlpF wild-type and 
exhibited a dramatic difference with the GlpF-mut (Table 1). 
If we consider the water permeation events for the individ-
ual monomers, the M2 and M3 monomers of GlpF and its 
mutant showed almost negligible water transport. The M4 
monomer resulted in relatively less number of water per-
meation. A small decrease was observed in the number of 
water molecules transported in GlpF-mut compared to GlpF 
wild-type. Hence, we can conclude that M2, M3, and M4 
monomers were in fully or partially closed conformation 
in both GlpF wild-type and the mutant irrespective of the 
presence or absence of IHSB in LE half-helix. Compared 
to the wild-type, only the M1 monomer displayed a dras-
tic decline in the number of water molecules transported in 
GlpF mutant. Only two permeation events were noted in the 
M1 monomer of GlpF-mut compared to 127 for the same 
monomer in the wild-type (Table 1). Hence, we focused our 
attention on the M1 monomer and further examined whether 

Table 1   Details of GlpF and AQP1 mutant simulations and comparison with the wild-type simulations

a GlpF and AQP1 wild-type simulations are described in Verma et al. (2015b)
b Intra-helical salt-bridge in LE half-helix between LE.54 and LE.58 residues in the initial structure of the simulations
c Average RMSD calculated for the last 50 ns of production run is reported along with the standard deviation (shown in brackets). RMSD values 
were determined by considering the Cα atoms of six transmembrane helices and the two half-helices from LB and LE
d Average minimum distance between the functional groups of acidic and basic residues
e Average minimum pore radius calculated for the region within ± 4 Ǻ of Ar/R SF
f Total number of water molecules permeated for each monomer determined as described in the Methods section

GlpF wild-typea GlpF-mut AQP1 wild-typea AQP1-mut1 AQP1-mut2

Mutation details N/A D207LE.54 → S N/A S198LE.54 → D S198LE.54 → D
K211LE.58 → S S202LE.58 → K S202LE.58 → K

Salt-bridgeb Yes N/A N/A No Yes
<RMSD > c (in Ǻ) M1: 0.91 (0.1) M1: 1.25 (0.1) M1: 1.57 (0.05) M1: 1.4 (0.1) M1: 0.86 (0.15)

M2: 1.01 (0.05) M2: 0.91 (0.05) M2: 1.37 (0.1) M2: 1.78 (0.1) M2: 0.86 (0.2)
M3: 0.8 (0.1) M3: 0.93 (0.1) M3: 1.38 (0.1) M3: 1.49 (0.1) M3: 0.78 (0.1)
M4: 1.01 (0.1) M4: 1.12 (0.05) M4: 1.51 (0.1) M4: 1.71 (0.1) M4: 0.69 (0.1)

<DA…B>d (in Ǻ) M1: 2.6 (0.1) N/A N/A M1: 2.6 (0.1) M1: 2.6 (0.1)
M2: 2.7 (0.1) M2: 7.4 (0.5) M2: 2.7 (0.1)
M3: 2.7 (0.1) M3: 2.6 (0.1) M3: 2.6 (0.1)
M4: 2.7 (0.1) M4: 2.7 (0.1) M4: 2.6 (0.1)

Minimum pore radiuse (in Ǻ) M1: 1.08 (0.34) M1: 0.71 (0.3) M1: 0.67 (0.24) M1: 0.52 (0.23) M1: 0.92 (0.31)
M2: 0.58 (0.25) M2: 0.61 (0.24) M2: 0.78 (0.3) M2: 1.2 (0.33) M2: 1.61 (0.31)
M3: 0.66 (0.22) M3: 0.64 (0.29) M3: 0.75 (0.28) M3: 0.71 (0.25) M3: 1.1 (0.22)
M4: 0.63 (0.42) M4: 0.65 (0.39) M4: 0.78 (0.33) M4: 1.1 (0.37) M4: 0.66 (0.35)

Water permeationf M1:127 M1: 2 M1: 5 M1: 5 M1: 9
M2:0 M2: 2 M2: 14 M2: 50 M2: 78
M3:0 M3: 2 M3: 1 M3: 0 M3: 10
M4:53 M4: 34 M4: 21 M4: 63 M4: 10
Total: 180 Total: 40 Total: 41 Total: 118 Total: 107
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the IHSB in LE half-helix had any role in the steep decline 
in the number of water molecules transported in the M1 
monomer of GlpF-mut.

To further investigate the factors behind the reduced 
water transport in M1 monomer of GlpF-mut, we calculated 
potential of mean force (PMF) profiles and pore radius pro-
files for both the GlpF wild-type and GlpF-mut channels as 
described in the Methods section. PMF profiles and pore 
radius profiles of M1 monomers are shown in Fig. 2, and 
for the other three monomers they are provided as Supple-
mentary Material (Fig. S3 to S5 in the Supporting Material). 
There is little difference in the pore radius profiles of M2 
and M3 monomers of GlpF wild-type and the mutant (Fig. 
S3B and S4B). In both M2 and M3 monomers of GlpF wild-
type and mutant, the narrowest part is at the Ar/R SF region 
with the average pore radius less than 0.7 Ǻ, i.e., half of the 

radius of water molecule. In the case of M4 monomer, the 
pore radius profiles display a similar behavior in both the 
wild-type and mutant GlpF in the two constriction regions 
and the pore is slightly wider than that observed for M2 
and M3 monomers with minimum pore radius slightly less 
than 1.0 Ǻ (Fig. S5B). However, significant differences are 
observed in the pore radius profiles of wild-type and mutant 
M1 monomers (Fig. 2B). Unlike the other three monomers, 
the pore in M1 monomer is wider in GlpF wild-type and 
the average minimum pore radius in the narrow constriction 
region is about 1.2 Ǻ. However, the pore becomes narrower 
in the Ar/R SF region for the GlpF mutant and at the narrow-
est part, the average radius is close to 0.7 Ǻ.

There is a clear correlation between the pattern of pore 
radius profiles and the PMF profiles. Comparison of PMF 
profiles demonstrates that there is a steep energy barrier for 

Fig. 2    A Potential of mean force (PMF) profiles and B average pore 
radius profiles shown for the M1 monomer of GlpF wild-type (black) 
and GlpF-mut (red) simulations. PMF profiles of M1 monomer were 
calculated as described in the Methods section. Pore radius profiles 
of M1 monomer were calculated using the HOLE (Smart et al. 1996) 
program and the average pore radius profiles for the M1 monomers of 

GlpF wild-type and mutant simulations are plotted. The two constric-
tion regions due to NPA motifs and Ar/R SF region are shown in yel-
low and green bands respectively. MD trajectories of minimum pore 
radius calculated in the vicinity of Ar/R SF region (4 Ǻ above and 4 
Ǻ below the Ar/R SF) shown for the M1 monomer of C GlpF wild-
type and D GlpF-mut simulations. (Color figure online)
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the M2 and M3 monomers of GlpF wild-type near the Ar/R 
SF region (Fig. S3A and S4A). For the mutant GlpF, the 
energy barrier of about 25 kJ/mol still exists for both M2 and 
M3 monomers at the same region. With average minimum 
pore radius of less than 0.7 Ǻ, this observation explains why 
there is absolutely no water transport in these two mono-
mers in both GlpF wild-type and GlpF-mut (Table 1). M4 
monomer also displays an energy barrier in Ar/R SF region 
with much reduced height of 15 kJ/mol and a wider pore for 
both GlpF wild-type and GlpF-mut (Fig. S5A). M4 mono-
mer transports reasonably higher number of water molecules 
in both GlpF simulations. M1 monomer displays the great-
est difference in the number of water molecules transported 
between the GlpF wild-type and mutant. Comparison of 
PMF profiles reveals that the M1 monomer of GlpF-mut 
has an increased energy barrier of nearly 25 kJ/mol at the 
Ar/R selectivity filter region and this is about 10 kJ/mol 
higher than that observed for the M1 monomer of wild-type 
GlpF (Fig. 2A). Correspondingly, the average pore radius 
profile also exhibits a smaller radius (0.7 Ǻ in GlpF-mut 
versus ~ 1.2 Ǻ in GlpF wild-type) for the same monomer of 
GlpF-mut in the selectivity filter region (Fig. 2B).

The average pore radius profiles sometimes may not 
reflect the actual picture and the values may be the result 
of extreme fluctuations in the values. To rule out such pos-
sibility, we also determined the minimum pore radius in 
the vicinity of Ar/R selectivity filter and we considered the 
region 4 Ǻ above and 4 Ǻ below the Ar/R constriction. We 
found out the minimum pore radius in this region for each 
MD simulated structure and we have plotted this value as the 
function of time for all four monomers from both GlpF wild-
type and GlpF-mut. MD trajectories of minimum pore radius 
values for M2, M3 and M4 monomers are shown for both the 
wild-type (Fig. S3C, S4C, and S5C) and the mutant GlpF 
(Fig. S3D, S4D, and S5D). The pore radius remained below 
0.7 Ǻ for M2 and M3 monomers throughout the 100 ns 

simulations for both the GlpF wild-type and the mutant with 
the average values ranging between 0.58 and 0.66 Ǻ. As far 
as M4 monomer is concerned, the minimum pore radius was 
above 1.0 Ǻ during the initial 10–15 ns and then the pore in 
the Ar/R region became narrower with the radius well below 
1.0 Ǻ for the remaining period in both GlpF wild-type and 
GlpF-mut simulations (Fig. S5C and S5D). In the case of 
M1 monomer, MD trajectory of minimum pore radius in 
Ar/R SF region clearly shows that the GlpF wild-type is 
open during most of the simulation time with the minimum 
pore radius value between 1.0 and 1.4 Ǻ (Fig. 2C). However, 
the GlpF-mut channel displays a reduced pore radius, below 
1.0 Ǻ, for the entire duration of the simulation (Fig. 2D) 
clearly indicating that the channel is occluded and unable to 
pass the water molecules beyond the Ar/R SF region.

We have plotted the Ar/R selectivity filter residues from 
MD simulated structures and superposed them on the ini-
tial structure for the M1 monomer (Fig. 3). We have pro-
vided the same data for the other three monomers in the 
Supplementary Material (Fig. S6 to S8). For M2 and M3 
monomers, change in the side-chain conformation of Trp 
(W482.49) blocked the channel in both GlpF wild-type and 
GlpF-mut resulting in reduced pore radius and high energy 
barrier in the respective PMF profiles (Fig. S6 and S7). A 
similar scenario is observed for M4 monomer of GlpF wild-
type and mutant (Fig. S8). Major differences are observed 
between the wild-type and mutant simulations of GlpF in 
terms of Ar/R SF geometry and their side-chain orientations 
(Fig. 3) for the M1 monomer. The side-chains of Ar/R SF in 
GlpF wild-type adopted conformations close to the crystal 
structure most of the time thus having a wider pore radius 
in this region (Fig. 3A). However in GlpF-mut simulation, 
the side-chains of Ar/R SF residues assumed conformations 
that occluded the channel (Fig. 3B). This is especially true 
with the two bulky aromatic residues Trp (W482.49) and Phe 
(F200LE.47). The orientation and conformation of longer Arg 

Fig. 3   Superposition of the four residues (W482.49, G1915.57, 
F200LE.47, and R206LE.53) that form the Ar/R SF from 10 MD simu-
lated structures plotted for the M1 monomer of A GlpF wild-type and 
B GlpF-mut. The MD simulated structures were saved at the inter-

val of 10 ns. It is clear that the side-chains of residues forming Ar/R 
SF adopt different conformations in GlpF-mut and block the channel. 
The initial structure is shown in green color. (Color figure online)
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side-chain (R206LE.53) also differed from the GlpF wild-
type population. This analysis has demonstrated that the 
absence of IHSB and the presence of two helix destabilizing 
residues in LE half-helix has changed the orientation of side-
chains at the Ar/R SF region and altered the SF geometry. 
This has marked effect on the transport properties of M1 
monomer of GlpF-mut.

Thus the small pore radius in the narrow Ar/R constric-
tion region and the high energy barrier as observed in the 
PMF profiles explain why there is almost no water transport 
in M2 and M3 monomers and only moderate water trans-
port in M4 monomers of both GlpF wild-type and GlpF-
mut. However, the differences in the transport properties 
seen in the M1 of GlpF wild-type and GlpF-mut raised the 
question whether the absence of IHSB in LE half-helix of 
Glp-mut have any implications in the transport properties. 
Our analysis clearly demonstrated that the absence of IHSB 
in GlpF-mut and the presence of Gly and Pro in the LE 
half-helical region resulted in more flexibility of this heli-
cal region which in turn enabled different orientations of 
Ar/R SF residues. This has affected the positioning of the 
SF residues which in turn has altered the Ar/R SF geometry. 
With a clear indication of the role of IHSB in LE half-helix 
in the transport properties of GlpF, we have carried out a 
similar analysis for the two AQP1 mutants to find out if the 
introduction of IHSB in LE half-helix of AQP1 mutants has 
any implication on the transport properties of AQP1 and its 
mutants.

Comparison of Water Transport in AQP1 Wild‑Type 
and Mutant Channels

Water permeation events for the two AQP1 mutant channels 
were compared with the AQP1 wild-type channel to find 
out if the presence of IHSB in LE half-helix has any influ-
ence on the water transport. While only 41 waters perme-
ated AQP1 wild-type channel (Verma et al. 2015b), more 
than 100 water permeation events were observed in each 
of the AQP1 mutant channels (Table 1). This appears to 
reiterate the relationship between efficient water transport 
in GlpF and AQP1 with the presence/absence of IHSB in 
LE half-helix. When individual monomers were analyzed, 
M1 and M3 transported only handful of water molecules in 
both AQP1 wild-type and mutant simulations. M4 showed 
an increase in the number of water permeation events in 
AQP1-mut1 simulation in comparison with the AQP1 wild-
type channel. However for the same monomer, AQP1-mut2 
displayed a decrease in the number of water molecules trans-
ported relative to the wild-type. In the case of M2 monomer, 
the wild-type AQP1 transported only 14 waters and there 
is more than 3–5 fold increase in AQP1 mutants. The two 
AQP1 mutants, AQP1-mut1 and AQP1-mut2, respectively 

transported 50 and 78 water molecules through M2 mono-
mer (Table 1).

We then calculated PMF profiles and average pore radius 
profiles of all four monomers and compared between wild-
type and mutant AQP1 channels. PMF and average pore 
radius profiles of M2 monomers are presented in Fig. 4 and 
for the other three monomers these profiles are given in the 
Supplementary Material (Fig. S9 to S11). As we discussed in 
the case of GlpF, the reason for poor water transport in M1, 
M3 and M4 monomers can be generally explained by the 
narrow pore region and higher energy barrier in the Ar/R SF 
region in both AQP1 wild-type and the mutants. In the case 
of M2 monomer, pore radius profiles clearly demonstrated 
that the average radius of the wild-type AQP1 is smaller in 
the Ar/R constriction region (Fig. 4B). The mutant channels 
were relatively wider in comparison to the wild-type chan-
nel in the same region. PMF profiles between the wild-type 
and two mutant AQP1 channels revealed that introduction 
of IHSB helped to reduce the energy barrier near the Ar/R 
SF region in the two mutant channels (Fig. 4A). Both the 
pore radius profiles and PMF profiles gave indication why 
the M2 monomer of AQP1 wild-type showed poor water 
conductivity compared to the same monomer in AQP1-mut1 
and AQP1-mut2.

MD trajectories of minimum pore radius values in the 
vicinity of Ar/R SF were plotted for all the monomers. M1, 
M3, and M4 monomers clearly reveal that AQP1 wild-type 
was closed and had an average pore radius between 0.67 
and 0.78 Ǻ for all the three monomers (Table 1 and Fig. 
S9C, S10C, and S11C) in the Ar/R SF region. AQP1-mut1 
channel was also very narrow in the same region as far as 
M1 and M3 monomers are concerned with an average pore 
radius 0.52 and 0.71 Ǻ respectively (Fig. S9D and S10D). 
The pore in the M4 monomer was wider for the first 40 ns 
of the simulation (average pore radius: 1.1 Ǻ; Table 1) in 
AQP1-mut1 (Fig. S11D) and this monomer also showed 
significant water transport. In the case of AQP1-mut2, the 
M4 monomer is mostly closed during the entire course of 
simulation with an average pore radius of 0.66 Ǻ and it also 
showed much reduced water transport compared to AQP1-
mut1 (Table 1 and Fig. S11E). The M1 and M3 monomers 
of AQP-mut2 had somewhat wider pore in the SF region 
(Fig. S9E and S10E), but still the average pore radius was 
less than that of a water molecule (1.4 Ǻ). As a result, they 
also didn’t seem to transport large number of water mole-
cules (Table 1). Residues from other regions also might have 
played a role in blocking the water molecules from entering 
inside the channel. We also plotted the minimum pore radius 
within ± 4 Ǻ of Ar/R SF region as the function of time for 
the M2 monomer of all three AQP1 channels (Fig. 4C–E). 
For AQP1 wild-type, the average pore radius value in this 
region is 0.78 Ǻ, well below 1.4 Ǻ, for almost all the time 
indicating that water molecules would have found it difficult 
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to cross this region (Fig. 4C; Table 1). The M2 monomer 
of two mutant channels, AQP1-mut1 and AQP1-mut2 with 
IHSB interaction shows that the same constriction is wider 
in this region (Fig. 4D, E) with an average value of 1.2 and 
1.61 Ǻ respectively (Table 1). Thus the Ar/R constriction 
in the mutants could allow water molecules to pass through 

and this also explains why the M2 monomer of AQP-mut2 
with much wider pore among all the AQP1 channels showed 
higher water transport compared to AQP-mut1.

Molecular plots of Ar/R SF residues from MD simu-
lated structures were superposed on the initial structure 
in all monomers. This representation for M2 monomer 

Fig. 4    A PMF profiles and B average pore radius profiles shown for 
the M2 monomer of AQP1 wild-type (black) and AQP1-mut1 (red) 
and AQP1-mut2 (blue) simulations. PMF profiles of M2 monomer 
were calculated as described in the Methods section. Pore radius pro-
files of M2 monomer were calculated using the HOLE program (34) 
and the average pore radius profiles for the M2 monomers of AQP1 
wild-type and mutant simulations are plotted. The two constriction 

regions due to NPA motifs and Ar/R SF region are shown in yel-
low and green bands respectively. MD trajectories of minimum pore 
radius calculated in the vicinity of Ar/R SF region (4 Ǻ above and 4 
Ǻ below the Ar/R SF) shown for the M2 monomer of C AQP1 wild-
type, D AQP1-mut1 and E AQP1-mut2 simulations. (Color figure 
online)

Fig. 5   Superposition of the four residues (F582.49, H1825.57, 
C191LE.47 and R197LE.53) that form the Ar/R SF from 10 MD simu-
lated structures plotted for A AQP1 wild-type, B AQP1-mut1 and C 
AQP1-mut2 simulations. The MD simulated structures were saved at 

the interval of 10 ns. It is clear that the side-chain of F582.49 forming 
Ar/R SF adopt conformations in AQP1 wild-type that block the chan-
nel. The initial structure is shown in green color. (Color figure online)
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is shown in Fig. 5 for all three AQP1 channels. For all 
other monomers, see Fig. S12 to S14 in the Supporting 
Material. The side-chains of Ar/R SF residues adopted 
conformations different from the initial structure and they 
pointed towards the center of the channel in M1 and M3 
monomers of both AQP1 wild-type and the mutants (Fig. 
S12 and S13). Such an arrangement occluded the channel 
and as a result negligible amount of water molecules were 
transported across the channel in these two monomers in 
AQP1 wild-type and both the AQP1 mutants (Table 1). 
The same is true for the M4 monomers of AQP1 wild-
type (Fig. S14A) and AQP1-mut2 (Fig. S14C). However, 
the side-chains of residues in Ar/R SF in M4 monomer of 
AQP1-mut1 had conformations that were either close to 
the starting structure (F582.49) or they pointed away from 
the channel (R197LE.53). As a result, the Ar/R SF region 
was wider (Fig. S14B) and the channel could transport 
significant number of water molecules in the M4 mono-
mer of AQP1-mut1 (Table 1). The most significant dif-
ference between the wild-type and the two mutants is 
observed in M2 monomers. While both AQP1 mutants 
permeated many water molecules across the channel, the 
AQP1 wild-type could transport only a fraction of water 
molecules (Table 1). Molecular plots of Ar/R SF residues 
in M2 monomer indicate that the side-chains, especially 
F582.49 and R197LE.53, deviated from the initial structure 
and blocked the channel in AQP1 wild-type (Fig. 5A). In 
both the mutants, the Ar/R SF side-chains stayed close to 
the starting structure or pointed away from the channel as 
in the case of R197LE.53 (Fig. 5B, C). This caused the pore 
in this region to become wider and enabled many water 
molecules to be transported.

AQP1 has only Gly in its LE half-helical region while 
GlpF has Gly and Pro in the same region. Hence, when 
the salt-bridge interaction was removed by substituting the 
acidic and basic residues, the LE half-helix in GlpF-mut 
exhibited greater flexibility and this changed the orientation 
of Ar/R SF residues. Similarly when we simulated a MIP 
channel from the pathogenic fungi Coccidioides posadasii, 
the LE half-helix of this channel, with no IHSB and with 
both Gly and Pro, was destabilized to a great extent (Verma 
et al. 2015b). When only Gly is present, the destabilization 
of LE half-helix of AQP1 wild-type is moderate. However, 
when IHSB is present, the LE half-helix exhibits some flex-
ibility in GlpF wild-type and the two AQP1 mutants (Fig. 
S1). However, the differences observed in water transport 
between GlpF wild-type and GlpF-mut were dramatic and 
the loosened LE half-helix in GlpF-mut altered the SF geom-
etry and changed the characteristics of the Ar/R SF region 
(Fig. 3). A change in the positioning and orientation of SF 
residues will change the physical and chemical nature of this 
constriction region. Hence, the drop in the number of water 
permeation events in GlpF-mut and AQP1 wild-type can 

be clearly attributed to the absence of IHSB in the LE half-
helix. These results indicate that in GlpF and in AQP1, the 
presence/absence of IHSB in the LE half-helix can directly 
influence the transport properties.

Discussion

The significance of Ar/R SF constriction region in the selec-
tivity and transport of solutes in MIP channels has been 
reported in several experimental and simulation studies 
(Beitz et al. 2006; Hub and de Groot 2006; Mitani-Ueno 
et al. 2011; Wang et al. 2005). Importance of the SF Arg in 
selectivity or regulation of the transport has been demon-
strated. Azad et al. (Azad et al. 2012) showed the importance 
of the position occupied by Arg in the Ar/R SF by mutation 
experiments in two MIP subgroups of Arabidopsis thali-
ana. In another simulation study, permeabilities of different 
solutes were compared in Plasmodium falciparum aqua-
glyceroporin, human AQP1 and E. coli GlpF. Free energy 
profiles showed that the Arg in the Ar/R SF has a crucial role 
in regulating the transport of solutes (Aponte-Santamaria 
et al. 2010). Beitz et al. (Beitz et al. 2006) have shown that 
replacement of the highly conserved Arg residue at the SF 
enabled protons and other charged species to permeate.

Experimental and computational studies indicate that 
both the Ar/R SF geometry and the chemical nature of this 
constriction are important determinants of selectivity and 
transport in MIP channels. Bioinformatics analysis of MIP 
sequences from our laboratory and the current MD simula-
tion studies have highlighted the potential of another impor-
tant factor in LE half-helix, i.e., the presence or absence of 
intra-helical salt-bridge in this helical region (Verma et al. 
2015b). To the best of our knowledge, previous simulation 
studies of AQP1, GlpF, and other MIP channels from dif-
ferent laboratories (Aponte-Santamaria et al. 2010; Araya-
Secchi et al. 2011; de Groot and Grubmuller 2001; Ho et al. 
2009; Hub and de Groot 2008; Janosi and Ceccarelli 2013; 
Jensen et al. 2008; Tajkhorshid et al. 2002; Tornroth-Horse-
field et al. 2006) did not discuss the possibility of influence 
of this stabilizing intra-helical interaction of LE half-helix 
and its functional implication. This could be perhaps due to 
the fact that side-chains of both the acidic and basic resi-
dues forming the IHSB interaction are not directly facing 
the channel. Since the important SF Arg residue is present 
within the LE half-helical region, any disturbance of helical 
character is likely to alter the physical and chemical nature 
of this constriction region. This is abundantly clear in the 
MD simulation of GlpF-mut. By substituting the acidic and 
basic residues with Ser, we made sure that the stabilizing 
IHSB interaction is absent in the mutant GlpF channel. 
When this mutant was simulated for a period of 100 ns, 
the LE half-helix of all the four monomers showed further 
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loosening of the helical region in LE half-helix. We attrib-
uted the decrease in water permeation in Glp-mut to the 
increasingly flexible helical character in loop E region. Thus 
the absence of IHSB in GlpF-mut and the presence of two 
helix destabilizing residues, Gly and Pro, contributed to a 
more flexible LE half-helix which in turn changed the Ar/R 
SF geometry causing disruption in water transport. With 
smaller pore radius, we speculate that glycerol transport also 
will be seriously affected in GlpF mutant.

In the current study, IHSB was introduced in silico in the 
same position as observed in GlpF by substituting the Ser 
residues in AQP1 water channel. MD simulations of two 
such AQP1 mutants for a period of 100 ns were performed 
for each mutant. In general, the average minimum pore 
radius in the Ar/R constriction is higher in APQ1 mutants 
than that observed for the wild-type. With one helix desta-
bilizing residue (G200LE.56), unwinding of LE half-helix 
is still observed to some extent even with IHSB in AQP1 
mutants. GlpF-mut or the fungal MIP from C. posadasii 
(Verma et al. 2015b), both of which have Gly and Pro in 
the LE half-helical region with no stabilizing IHSB, exhibit 
more pronounced unwinding of LE half-helical region. 
When G200LE.56 was substituted by Ala in AQP1, LE half-
helix was extremely stable (Verma et al. 2015b) and resulted 
in higher water conductivity. In our previous bioinformatics 
studies, among the 391 AQGP sequences analyzed, 99.4% 
of them contain intra-helical salt-bridge and 99.2% have 
Gly and/or Pro in the LE half-helical region. In the case of 
AQPs, no intra-helical salt-bridge is observed in any of the 
sequences. However, the helical stability of AQPs is modu-
lated by having zero (8%), one (32%), or two (60%) helix 
destabilizing residues. An example in this case is water-
transporting AqpZ and AQP1. AqpZ does not have a helix 
destabilizing residue in LE half-helical region in the equiva-
lent positions of LE.56 and LE.57, while AQP1 has only Gly 
(G200LE.56). MD simulation results point out that AqpZ is 
a much more efficient water channel than AQP1 (Hashido 
et al. 2005; Hashido et al. 2007). This corroborated with 
our earlier (Verma et al. 2015b) and current results using 
AQP1 mutants. In our earlier simulation studies of AQP1 
channel, when we mutated the Gly (G200LE.56) in the LE 
half-helical region to helix-promoting Ala, we found out that 
LE half-helix became much more stable and overall resulted 
in higher water permeability (Verma et al. 2015b).

Results of all the above studies and the current simula-
tions point to a possible role of IHSB in LE half-helix in 
influencing the transport properties of MIP channels. Loop 
E half-helix, especially those with the helix destabilizing 
residues Gly and Pro and without the stabilizing IHSB, can 
exert great influence on MIP channel transport. Experi-
mental and computational studies have mostly focused on 
Ar/R SF residues, other residues in the vicinity of Ar/R 
SF and loop A connecting TM1 and TM2 in the gating 

of MIP channels (Alberga et al. 2014; Gonen et al. 2004; 
Gonen and Walz 2006; Hu et al. 2012; Jiang et al. 2006; 
Li et al. 2011; Xin et al. 2011). Depending upon the envi-
ronment and signals which can be species-specific, these 
loop regions, LE half-helix and other specific positions 
can act either independently or in conjunction with each 
other. Introduction of salt-bridge in the LE half-helix of 
AQP1 by site-directed mutagenesis and subsequent func-
tional studies will help to elucidate the functional role of 
IHSB in MIP channels. Mutation of helix destabilizing 
Gly and/or Pro to Ala coupled with the introduction IHSB 
in LE half-helix can unequivocally establish the biologi-
cal significance of helix stability in LE half-helix of MIP 
family channels.

Conclusions

In this paper, we have investigated the functional signifi-
cance of highly conserved intra-helical salt-bridge in the 
loop E half-helix of AQGPs using molecular dynamics 
studies of in silico mutants. The side-chains of IHSB-
forming residues do not directly point towards the chan-
nel interior. Since LE half-helix possesses the important 
Arg residue of Ar/R SF, we hypothesized that the presence 
or absence of IHSB in the LE half-helix is likely to influ-
ence the transport properties of MIP channels. The cur-
rent MD simulations of AQP1 and GlpF mutant channels 
with and without IHSB interactions clearly demonstrated 
that the stabilizing salt-bridge interaction along with the 
helix destabilizing residues in the same helical region 
can modulate the helical character of LE half-helix. This 
in turn can alter the selectivity filter geometry affecting 
the physical and chemical nature of the narrow Ar/R SF 
region. The current study has demonstrated that the pres-
ence or absence of IHSB and/or Gly/Pro residues both 
have direct consequences for the transport properties of 
the channel. With several positions in the extracellular 
region of MIP channels implicated in the regulation of 
the channel transport, it is possible that the two factors in 
LE half-helix (presence or absence of IHSB and presence 
of Gly and/or Pro) can act as additional means that can be 
involved independently or in concurrence with other extra-
cellular residues in regulating the MIP channel transport. 
Mutational studies in LE half-helical region that promote 
or destabilize the helical character can be performed to the 
test the hypothesis proposed in this study.
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