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Abstract: Aquaporins and aquaglyceroporins (AQPs) are membrane channel proteins responsible

for transport of water and for transport of glycerol in addition to water across the cell membrane,

respectively. They are expressed throughout the human body and also in other forms of life. Inhibi-
tors of human AQPs have been sought for therapeutic treatment for various medical conditions

including hypertension, refractory edema, neurotoxic brain edema, and so forth. Conducting all-

atom molecular dynamics simulations, we computed the binding affinity of acetazolamide to
human AQP4 that agrees closely with in vitro experiments. Using this validated computational

method, we found that 1,3-propanediol (PDO) binds deep inside the AQP4 channel to inhibit that

particular aquaporin efficaciously. Furthermore, we used the same method to compute the affin-
ities of PDO binding to four other AQPs and one aquaglyceroporin whose atomic coordinates are

available from the protein data bank (PDB). For bovine AQP1, human AQP2, AQP4, AQP5, and

Plasmodium falciparum PfAQP whose structures were resolved with high resolution, we obtained
definitive predictions on the PDO dissociation constant. For human AQP1 whose PDB coordinates

are less accurate, we estimated the dissociation constant with a rather large error bar. Taking into

account the fact that PDO is generally recognized as safe by the US FDA, we predict that PDO can
be an effective diuretic which directly modulates water flow through the protein channels. It should

be free from the serious side effects associated with other diuretics that change the hydro-

homeostasis indirectly by altering the osmotic gradients.
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Table I. Computed Results of PDO-AQP Complexes

Protein
PDB code/

resolution (Å) det ðRxyÞ(Å4) Dxy(kcal/mol) Z0z (Å) DW0;1 (kcal/mol) DG0 (kcal/mol) kD5IC50 (mM)

AQP1 1H6I/3.831 1.2 3 1023 0.20 1.3 3 104 23.11 23.63 6 3.0 2.19
bAQP1 1J4N/2.232 1.6 3 1024 0.08 1.3 3 102 27.87 24.9 6 1.2 0.239
AQP2 4NEF/2.7533 4.8 3 1023 0.45 2.7 3 106 20.804 25.4 6 1.2 0.172
AQP4 3GD8/1.88 7.7 3 1024 0.49 1.1 3 106 21.44 24.8 6 1.2 0.328
AQP5 3D9S/2.034 3.7 3 1024 0.32 1.3 3 102 27.30 24.9 6 1.2 0.245
PfAQP 3C02/2.0535 8.7 3 1024 0.49 1.15 26.25 21.4 6 1.2 89

Introduction

Aquaporins (AQPs)1–16 constitute the cell’s

“plumbing system” in humans and in other forms of

life. Among the 13 AQPs (AQP0–AQP12), AQPs 1, 2,

4, and 5 are known to be water channels that allow

osmotic water current across the cell membrane.

AQPs 3, 7, and 9 are glycerol channels that conduct

glycerol and water as well. They are expressed in

various cells from head to toe and govern a wide

spectrum of physiological functions with broad clini-

cal importance.15,17–25 Therefore, great efforts have

been invested to search for inhibitors of these mem-

brane proteins. However, finding an efficacious and

potent AQP inhibitor has proven to be challenging.

So far, AQPs have remained elusive drug targets.15

This difficulty is related to the nature of AQPs

whose channels are all very narrow and only allow

single-file lining up of waters or small solutes

through the conducting pore. It is also related to the

fact that the current computational methods are

inadequate. For example, several research groups

identified acetazolamide (AZM), an anti-epilepsy

drug, to bind strongly at the entry vestibule of

AQP4 with a half maximal inhibitory concentration

(IC50) at low mM.26 However, their computed results

were in contradiction with the structural experi-

ments and proteoliposome assays of AQP4 in the

presence of mM amounts of this drug.8

Recently, we used a new computational method,

the hybrid steered molecular dynamics (hSMD),27,28

to compute the binding affinity of AZM to AQP4. On

the basis of all-atom CHARMM 36 force fields,29,30

our computed value was in close agreement with the

in vitro experiments.8 We also found that 1,3-pro-

panediol (PDO) binds deep inside the AQP4 channel.

In this article, we present a computational investiga-

tion of PDO binding to six AQPs (bovine AQP1,

human AQP 1, 2, 4, 5, and parasite PfAQP) whose

atomic coordinates are available from the protein

data bank (PDB). For bovine AQP1, human AQP2,

AQP4, and AQP5, and parasite PfAQP whose struc-

tures were resolved to high-resolution, our computed

values are definitive with chemical accuracy. For

human AQP1 whose structure resolution was lower,

our computed value has a large uncertainty.

From these results, we are able to conclude that

all water-only channels are similar in their interac-

tions with PDO. The dissociation constant is around

0.3 mM for all water-only channels. The glycerol

channel is different from the water-only channels in

two aspects: PDO can permeate through a glycerol

channel but not water-only channels; PDO binding

to glycerol channels is weaker than to water-only

channels. These findings strongly indicate that PDO

can be an efficacious aquaporin inhibitor for medical

use because it is generally recognized as safe

(GRAS) by the US FDA.

Results
In Table I, we summarize our results on PDO bind-

ing to six AQPs. For convenience, we note a human

AQP simply as AQP, bovine AQP1 as bAQP1, and

Plasmodium falciparum AQP as PfAQP. Note that

we take the z-axis as perpendicular to the mem-

brane surface pointing from the extracellular space

to the cytoplasmic side. The aquaporin channels are

approximately along the z-axis albeit they are not

exactly straight. Each channel curves to a different

degree. For each of the six binding problems, we

computed the one-dimensional (1D) potential of

mean force (PMF) of PDO inside the AQP channel

from the region of the aromatic/arginine (ar/R) selec-

tivity filter to the region of NPA motifs (NLA-NPS

in the case of PfAQP). From the 1D PMF, we obtain

the partial partition Z0z. From the region of NPA

motifs to the cytoplasmic bulk, we computed the

three-dimensional (3D) PMF curve from which we

obtained the PMF difference DW0;1. For each PDO-

AQP complex, we chose the interface between the

1D PMF and the 3D PMF at a z-coordinate z0. On

the xy-plane of (x, y, z 5 z0), we computed the PDO

fluctuation and deviation in Rxy and Dxy. All these

factors combine to give us the standard binding free

energy DG0 or, equivalently, the dissociation con-

stant kD. The numerical results are shown in Table

I. The curves are shown in Figures 1 and 2.

AQP1 is expressed in the epithelium of the

renal proximal tubule and the thin descending limb

of the loop of Henle, as well as in the endothelium

in the descending vasa recta; mice that are deficient

in AQP1 have a greatly impaired ability to concen-

trate urine.36,37 Thus, inhibition of AQP1 was pre-

dicted to produce water diuresis by a mechanism

that is different from conventional salt transport-
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blocking diuretics. This suggests that AQP1 could

have clinical potential in treating hypertension and

also refractory edema associated with congestive

heart failure and cirrhosis.

As the structure of human AQP1 (PDB: 1H6I)

has not yet been resolved to atomistic accuracy and

our computation ended up with very large uncer-

tainty, we also investigated PDO binding to bovine

AQP1 (PDB: 1J4N) whose crystal structure has been

accurately determined. On the basis of bAQP1, our

prediction is that PDO inhibits AQP1 with an IC50

of 0.239 mM.

Figure 1. PMF curves of bAQP1, AQP 1, 2, 5, and PfAQP.

1D PMF is shown in purple and 3D PMF in blue.

Figure 2. Fluctuations on the xy-plane at the 1D–3D

interface.
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AQP2 (PDB: 4NEF). The major expression site

of AQP2 is the renal collecting duct.38,39 An inhibitor

of this water channel serves as a diuretic by simply

reducing water reabsorption. We found that PDO

inhibits AQP2 with an IC50 of 0.172 mM.

AQP4 (PDB: 3GD8). This water channel is

expressed in multiple human organs, particularly in the

central nervous system (CNS). It is an essential compo-

nent in several physiological processes including water

movement into and out of the brain, neuro-excitation,

as well as astrocyte migration toward injury sites.15

These key roles of AQP4 suggest that inhibitors of this

particular water channel could potentially treat (cyto-

toxic) brain edema by reducing intracranial pressure

and water content, epilepsy by increasing the seizure

threshold, and CNS injuries (e.g., trauma or stroke) by

accelerating neuronal regeneration via reducing the for-

mation of glial scars.40–48 As such, AQP4 is an appeal-

ing drug target and the search for its inhibitors is being

actively pursued by medical scientists.8,15,26,49–51 PDO

could be an answer to that search. It inhibits water

conduction of AQP4 channel with an IC50 of 0.328 mM

which would not cause any side effects.

AQP5 (PDB: 3D9S). This channel protein is

richly expressed in salivary and airway submucosal

glands. Mice lacking AQP5 were found to have

defective secretion of saliva and airway mucus.52,53

Inhibitors of this water channel can be used to

reduce elevated salivation and airway mucus secre-

tion caused by anesthesia. Our study shows that

PDO inhibits AQP5 at an IC50 of 0.245 mM.

PfAQP (PDB: 3C02). We currently do not have

atomistic structures of human glycerol channels AQP

3, 7, or 9. But we have a high-resolution structure of

the P. falciparum water–glycerol channel PfAQP. We

study PfAQP as an analog of human AQPs 3, 7, and

9 and draw the following two conclusions: First, our

computed PMF curve indicates that PDO can perme-

ate through the glycerol channel as easily as glycerol.

Second, PDO binds inside the glycerol channel with a

moderately low affinity, kD 5 89 mM. In contrast to

this, erythritol binds to PfAQP very strongly.54 Both

aspects are in agreement with the experimental mea-

surement of glycerol transport across the membrane

of erythrocytes.55

It should be noted that the study of PfAQP by

itself is very important. Plasmodium falciparum, the

malaria parasite, expresses only PfAQP on its plasma

membrane.35,56,57 It does not have a dedicated water

channel so it relies on this only aquaporin PfAQP for

water transport, for glycerol transport, and for

excreting metabolites, which are all essential for the

parasite’s survival. Inhibiting this multifunctional

channel protein may hinder the growth of or even kill

the deadly parasite that still causes over half a million

deaths per year.

Discussion

Efficacy of PDO as an AQP inhibitor
Illustrated in Figure 3 are the geometric characteris-

tics of the AQP water channel. The water pore has a

diameter ranging from 1.5 to 4.2 Å and thus allows

only single-file lining of waters throughout the chan-

nel. No two waters can occupy the same z-coordinate

inside the channel [Fig. 3(A)]. However, near the

NPA motifs, the pore is wide enough to host a PDO

molecule [Fig. 3(B)]. Pulling PDO away from this

site either way, to the cytoplasmic or the extracellu-

lar side, actually causes distortions to the pore-

lining sidechains of AQP because the channel is nar-

rower on both sides of the binding site. When a PDO

molecule binds there, it completely occludes the

channel from water conduction. Additionally, its

fluctuations inside the channel will not give space

for water to squeeze by. Therefore, we conclude that

PDO is an efficacious inhibitor of AQP water

conduction.

Potency of PDO as an AQP inhibitor

As a PDO bound to AQP totally occludes the water

channel, the potency of PDO should be equal to the

Figure 3. Illustration of binding means inhibition. Single file

waters in the apo state versus water line interrupted by PDO

in the holo state of the PDO-AQP2 complex. Protein is repre-

sented as cartoons colored by residue types; PDO as licori-

ces colored by atom names; and waters inside the channel

and near the channel entry/exit as large spheres colored by

atom names. Color schemes: hydrophilic, green; hydropho-

bic, white; negatively charged, red; positively charge, blue;

hydrogen, white; oxygen, red; carbon, cyan (All molecular

graphics in the article were rendered with VMD.59).
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dissociation constant, IC50 5 kD which is in the

range of 0.2–0.3 mM for water channels. Consider-

ing that our PMF estimation has an error of 61.2

kcal/mol for the systems with well-resolved crystallo-

graphic structures, the IC50 of PDO should be less

than 3.0 mM which indicates that PDO as an AQP

inhibitor has sufficiently high potency. This is par-

ticularly true in light of the knowledge that PDO is

nontoxic. Furthermore, the close agreement between

the binding free energies across the studied water

channels is a strong indicator of our method’s reli-

ability. This in turn strengthens our predictions

regarding AQP1, as its poorly resolved crystallo-

graphic structure yields large error bars in the com-

puted binding energy.

Interactions responsible for binding
In the bound state inside the AQP channel, PDO

displaces two or three waters out of their places

[Fig. 3(A) vs. (B) and Fig. 4(A)]. The three displaced

waters, if not displaced, would form seven hydrogen

bonds with the channel residues (three bonds) and

with waters (four bonds). In their place, PDO forms

two hydrogen bonds with the channel residues and

two hydrogen bonds with two waters by its two

hydroxyl groups [Fig. 4(B)]. Altogether, PDO in the

bound state disrupts three or four hydrogen bonds

on the average. In the dissociated state, when it is

away from the protein, PDO forms four hydrogen

bonds with waters. In terms of the hydrogen bonds

PDO can form, there is no significant difference

between its bound state and its dissociated state.

However, in the dissociated state, PDO displaces

four waters and disrupts 10 hydrogen bonds if we

consider that each water forms 3.5 hydrogen bonds

with other waters on the average. Therefore, the

system of PDO-AQP-waters has six more hydrogen

bonds with PDO in the bound state than in the dis-

sociated state. Additionally, the van der Waals inter-

action between PDO and the protein is also

favorable for PDO to reside at the binding site

because it sterically fits in the channel near the

NPA motifs. The van der Waals attraction between

PDO and AQP and the hydrophobic effect (breaking

more hydrogen bonds in the aqueous bulk than

inside the protein) together are responsible for bind-

ing PDO inside the conducting pore of a water/glyc-

erol channel. The overall free energy of binding

PDO inside a water channel AQP is approxi-

mately DG05 24.8 to 25.4 kcal/mol in correspon-

dence to kD5 0.2–0.3 mM. Considering that the

binding site of PDO is near the NPA motifs which

are conserved across most AQPs (human or other

forms of life), it is not surprising to observe that

PDO binds to all water channel AQPs in similar

ways with similar strength.

Furthermore, analyzing all the nonbonded

terms in our simulation (both the electrostatic and

the van der Waals interactions shown in Supporting

Information Fig. S2), we note that the nonbonded

interactions of PDO at the binding site are

Figure 4. PDO at the binding site near the NPA motifs. (A)

Protein in cartoons colored by residue types, ar/R selectivity

filter Arg 187 and His 172 in large spheres colored by atom

names, PDO and water in or near the channel in medium

spheres colored by atom names. This panel shows PDO

residing near the NPA motifs which is on the right-hand side

of the ar/R and where the two half membrane helices face

each other. (B) Zoom-in of PDO with near-by residues (Ser

182 and Asn 184) and waters forming four hydrogen bonds

(green dashed bars). (C) PDO (large spheres colored by atom

names) in favorable (attractive) van der Waals contact with

surrounding residues (licorices colored by atom names).

Color schemes identical to Figure 3.
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attractive in nature for all the water channels

(AQPs 1, 2, 4, and 5) and the glycerol channel

(PfAQP). These favorable interactions, the electro-

static parts, in particular, are stronger in the cases

of water channels than the case of glycerol channel.

Examining the conducting pore radii of all the six

AQPs we studied, which are shown in Supporting

Information Figure S3, we observe that all water

channels are narrower at the NPA motifs than the

glycerol channel at its “NPA” (NLA-NPS) motifs.

The fit of PDO inside a water channel at the NPA

must be tighter/better than the fit inside a glycerol

channel. Therefore, the electrostatic interaction

(including hydrogen bonding) between PDO and a

water channel is stronger than between PDO and a

glycerol channel. Consequently, PDO can traverse a

glycerol channel as easily as glycerol, which is in

agreement with the in vitro finding of Ref. 55.

Possible medical use of 1,3-propanediol

The reported no-observed-adverse-effect-levels

(NOAELs) are: 1.8 mg/L in the 14-day inhalation

toxicity study; 1000 mg/kg bw/day in the 90-day oral

toxicity study; and 1000 mg/kg bw/day in the develop-

mental toxicity study. Moreover, the US FDA approved

DuPont Tate & Lyle’s conclusion that PDO is GRAS

under the intended conditions of use in food products

at a level of 34 mg/kg bw/day. Considering all these

data and our result that the IC50 of AQP inhibition by

PDO is most probably around 0.2–0.3 mM and less

than 3.0 mM, which is far less than the NOAELs, it

should be safe to use 1,3-propanediol as a drug for

AQP-correlated pathological conditions.

Conclusions

Using CHARMM 36 all-atom force fields on the

basis of the rigorous PMF formalism, we conducted

hSMD simulations to compute the binding affinities

of PDO to six AQPs. The reasonably strong affinity

of the nontoxic PDO makes it a valid drug candi-

date. It is worth noting again that the location of

the PDO bound state inside the single-file channel

of AQP renders PDO’s efficacy so that the IC50 is

simply equal to the dissociation constant kD. The

computed dissociation constants of <1 mM for the

water channel AQPs indicate its potency as an AQP

inhibitor. Taking into account the error bars of the

computation, we have 13 mM< kD< 3.0 mM (in

accordance with the binding free energies between

DG0 5 24.8 6 1.2 and 25.4 6 1.2 kcal/mol). There-

fore, we conclude with high confidence that 1,3-pro-

panediol is an efficacious and potent AQP inhibitor,

which could serve as a drug needed for various

AQP-correlated pathological conditions ranging from

hypertension to neurotoxic brain edema.

Methods

Here, we briefly outline the essential information needed

to reproduce the research presented in this article.

Procedures and parameters

We took the crystal structures of AQPs (PDB: 1J4N for

bovine AQP1, 1H6I for human AQP1, 4NEF for AQP2,

3GD8 for AQP4, 3D9S for AQP5, and 3C02 for PfAQP),

deleted glycerols (if present) from the structures, placed

a PDO inside the conducting pore near the NPA motifs,

and deleted waters from where they had steric collision

with the PDO. In this manner, we built six individual

PDO-AQP complexes. Then we placed one PDO-AQP

monomer complex in a 150 mM NaCl saline box of 80 3

80 3 97 Å3 (of the fully equilibrated system). We also

added an appropriate amount of counter ions (Na1 or

Cl2) to each system to balance the charges carried by

the protein. All together, we obtained six all-atom sys-

tems for PDO-AQP binding. We note that the system

size used here is sufficiently large because PDO is not

charged and the alpha carbons on the transmembrane

helices are all fixed to their crystal structure coordi-

nates. Possible errors are expected to come not from the

smallness of the model systems but from the force field

parameters, from the PDB coordinates, and from the

statistics of our sampling procedures. It turned out

that, in all our cases except human AQP1, our results

have reached the expected chemical accuracy. The error

bars are in the range of 2kBT for the binding free ener-

gies. (kB is the Boltzmann constant and T is the abso-

lute temperature.)

We used the all-atom force field CHARMM3629,30

to represent all interactions. The van der Waals cut-

off distance was 10 Å with a switching distance of 9 Å.

The electrostatic interactions were computed through

the Particle-Mesh Ewald method, and periodic bound-

ary conditions were applied in every direction. The

temperature was kept at 298 K and the pressure at

1.0 bar. The time-step was 1.0 fs for the short range

interactions and 2.0 fs for the long range interactions,

and the Langevin damping coefficient was 5.0 ps21.

We used NAMD58 to perform the simulations, and

VMD59 to set up simulation systems, analyze simula-

tion results, and render molecular graphics.

Computing binding affinities with hSMD method

The formulas and validation of hSMD method can

be found in Refs. 27 and 28. In this study, we only

use the case of one pulling center, n 5 1, and briefly

outline the hSMD formulation below. Following the

standard literature,60,61 the binding affinity at one

binding site is

c0

kD
5

c0

Ð
sited3x1exp 2W½r1�=kBT½ �
exp 2W½r11�=kBT½ �bulk

(1)

where c0 is the standard concentration. For clarity

and for convenience of unit conversion, we use two

different but equivalent forms, c051 M on the left-
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hand side and c056:0231024=A3 on the right-hand

side of the equation. The 3D integrations are over

the x-, y-, and z-coordinates of the ligand’s position

r1 that is chosen as the center of mass of PDO. The

integral has the units of Å3 that renders the right-

hand side dimensionless as it should be. W½r1� is the

3D PMF. The subscripts “site” and “bulk” indicate

that r1 is at the binding site (near the PMF mini-

mum) and r15r11 in the bulk region far away from

the protein, respectively. Expressed in terms of the

3D PMF difference DW0;1 and the partial partition

of the bound state Z0, we have

DG052kBTln c0=kDð Þ;
c0

kD
5c0 exp 2DW0;1=kBT

� �
2pDet1=2ðRxyÞ

exp Dxy=kBT
� �

Z0z;

DW0;15W½r10�2W½r11�;

Z0z5

ð
site

dz1exp 2 W1D½z1�2W1D½z10�ð Þ=kBT½ �:

(2)

Here, DG0 is the standard binding free energy.

r10 is the one bound state chosen from the bound state

ensemble from which the ligand is pulled to the corre-

sponding one state r115r101Dr in the dissociated

state ensemble. Dr is the ligand displacement along

the dissociation path from the binding site to the bulk

region. The 3D PMF difference DW0;1 is computed

from SMD runs following the multisectional scheme

described in Ref. 62. The partial partition Z0z is com-

puted as integration along the z-axis (z10 is constant

in the integral) and the integrand is simply related to

the 1D PMF difference, W1D½z1�2W1D½z10�, which is

computed by conducting SMD runs in which only the

z-coordinate is steered while the x- and y-coordinates

are free to fluctuate inside the channel.62 The fluctua-

tions on the xy-plane ðx1; y1; z10Þ are measured to com-

pute the deviation of the initial state from the average

state on the xy-plane.

Dxy=kBT5
1

2
hx1i2x10;hy1i2y10ð ÞR21

xy hx1i2x10;hy1i2y10ð ÞT

(3)

and the 2 3 2 fluctuation matrix

Rxy5
hdx1dx1i hdx1dy1i

hdy1dx1i hdy1dy1i

" #
: (4)

The brackets here represent statistical average

on the xy-plane.
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