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Abstract Aquaporin (AQP) is a family of membrane proteins that enable water and
small individual molecules to permeate cell membranes. Examples of these protein
channels are aquaglyceroporin and aquaporin-1 (AQP1). Here, we investigate the per-
meability of carbon dioxide (CO2) through both aquglyceroporin and AQP1 channels
and explain their selectivity mechanisms. We provide a mathematical model which
determines the molecular interaction potential between carbon dioxide molecule and
an AQP channel. We evaluate this interaction using two approaches, namely discrete-
continuum and completed discrete approaches. Both calculations agree well and our
results indicate the acceptance of (CO2) molecule into these channels which is in good
agreement with other recent studies.

Keywords Aquaporins (AQPs) · Aquaporin-1 (AQP1) · Aquaglyceroporin (GlpF) ·
Lennard–Jones potential · Van der Waals interaction · Carbon dioxide (CO2)

1 Introduction

Aquaporins, a large family of intrinsic membrane proteins, facilitate the transportation
of water, charged and uncharged molecules through cell membranes. These channels
are found in different areas in human body, mammals, bacteria and insects [1,2].
The aquaporin family is classified into two subgroups: water and aquaglyceroporin
channels. Moreover, aquglyceroporins are divided into a number of subfamilies, such
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Fig. 1 Structure of functional unit of an aquaporin (either GlpF or AQP1)

as GlpF, AQP0, AQP1 and other members, which are classified depending on the
compounds that are permeated through these channels, such as urea, glycerol and
carbon dioxide [3,4]. Furthermore, GlpF and AQP1 channels can facilitate the transport
of gases, such as NH3 and CO2 across membranes [5]. The structure of the GlpF
facilitator has been elucidated by investigating its selectivity mechanism based on
the dynamics and energetics of bio-molecules conduction [6–9]. The GlpF channel
structure follows the directions of three glycerol molecules and two water molecules
for each functional unit and this unit has two characteristic half-membrane-spanning
repeats which are joined by quasi-two fold symmetry. For more details related to
the geometrical structure of the GlpF channel we refer the reader to [6,10,11]. The
structural unit of AQP1 is active as a tetramer [7] as shown in Fig. 1, and each monomer
has N- and C-terminal [8] which are joined by a long loop-spanning [9,12]. Both
terminals comprise three transmembrane-spanning helices [13] and the N- and the C-
terminus are located on the cytoplasm side of the membrane [13,14]. For more details
regarding the structure of AQP1 protein channel we refer the reader to reference [13].

Recently, the permeation of CO2 across membranes through the selective aquaglyc-
eroporins, GlpF and AQP1 has been reported [12,15]. Verkman et al. [16] indicate that
small gases such as CO2, NH3 and NO transported by proteins should not be ignored.
In addition, Verkman et al. [16] suggest that CO2 molecules can pass through these
channels into kidney and lung tissues. This finding is supported by Yang et al. [17],
Fang et al. [18] and Wang et al. [19] who detect the transportation of CO2 by AQP1
in lung and kidney cells. Also, the water channel AQP1 is able to transport small gas
molecules, such as nitric oxide and ammonia across cell membranes [20,21].

In the present paper, we examine a flaired right cylindrical aquaporin interact-
ing with a carbon dioxide molecule (CO2). Various atomic interactions are modelled
assuming both discrete and continuum approaches. Here, we adopt the six-twelve
Lennard–Jones potential to determine the van der Waals interactions for the carbon
dioxide molecule (CO2) interacting with the GlpF and AQP1, which have chemical
compositions C1289H2527N315O591S11 and C1235H2468N320O601S7, respectively [14].
We calculate the potential energy using a discrete-continuum approach by considering
the carbon dioxide molecule comprising a carbon atom and a sphere of oxygen atoms.
Alternatively, we find the total potential energy using a discrete model where a carbon
dioxide molecule is assumed to comprise three discrete atoms; namely one carbon and
two oxygen atoms.
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Fig. 2 Geometry of an atom interacting with a flaired right cylindrical aquaporin

In the next section, we derive an expression for the interaction potential of a car-
bon dioxide molecule and the GlpF and AQP1 channels. Following this we present
numerical results of our model, and in the final section, we make some concluding
remarks.

2 Interaction energy

2.1 Interaction between an aquaporin channel and a single atom

We begin by considering the van der Waals interaction between an aquaporin channel
(GlpF and AQP1), which we assume to comprise a flaired right cylindrical shell, and an
atom at an arbitrary point on the z-axis. With reference to Cartesian coordinate system
(x, y, z), we assume the cylindrical shell to be located at the origin. This cylinder can
be parameterized by (rδ cos θ, rδ sin θ, z), where θ ∈ [−π , π ], z ∈ [−L/2 , L/2]
and δ ∈ [a , 1], where 0 < a < 1 and r is defined by the quadratic relationship

r = r0 + 4(r1 − r0)(z/L)2 = r0 + αz2, (1)

where α = 4(r1 −r0)/L2, r0 and r1 are the outer radii at the middle and at the opening
of the aquaporin, respectively. The inner radii at the middle and at the opening of
the aquaporin are given by ar0 and ar1 and we take a = r∗

o /ro ≈ 0.25. Further, we
assume that a single atom is located on the z-axis at (0, 0, z0) as shown in Fig. 2.

The distance ρ between a typical volume element in the flaired cylinder and the
atom at (0, 0, z0) is given by

ρ2 = (rδ cos θ)2 + (rδ sin θ)2 + (z − z0)
2 = r2δ2 + (z − z0)

2. (2)

To find the interaction energy we adopt the Lennard–Jones potential which is given
by

φ(ρ) = −Aρ−6 + Bρ−12, (3)

where A = 4εσ 6 is the attractive constant, B = 4εσ 12 is the repulsive constant,
ε is the well depth and σ is the van der Waals diamter. We also make use of the
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empirical combining laws [22–24] given by ε12 = (ε1ε2)
1/2 and σ12 = (σ1 + σ2)/2

to determine the well depth and van der Waals diameter for two atoms of different
species. By summing all pair interactions, the total potential energy can be given by

Vtot =
∑

i

φ(ρi ) , (4)

where φ is the potential function given in (3). In the continuum approximation, we may
replace this summation by the volume integral, where we assume a uniform atomic
density throughout the volume of the aquaporin. Thus, from (4) we have

V1 = ηc

1∫

a

L
2∫

− L
2

π∫

−π

φ(ρ) dV

= ηc

1∫

a

L
2∫

− L
2

π∫

−π

r2δ(−Aρ−6 + Bρ−12) dδ dz dθ , (5)

where ηc represents the atomic density per unit volume and dV represents the volume
element of the cylindrical aquaporin given by dV = r2δ dδ dz dθ . For detailed
analytical evaluation of (5), we refer the reader to [25].

2.2 Interaction between an aquaporin channel and a carbon dioxide molecule

We obtain the interaction between an aquaporin and a carbon dioxide molecule using
two approaches. First, we use a discrete-continuum approach where the carbon dioxide
molecule is assumed to comprise a discrete carbon atom and the two oxygen atoms
is assumed to be on a sphere of radius b (Fig. 3a). To find the interaction energy for
the carbon atom, we use Eq. (5). For the oxygen atoms on the sphere (Fig. 3a), the
interaction energy is given in the form [26]

V2 = ηsπb
∫ ∫ ∫ [

AO

2

(
1

ρ(ρ + b)4 − 1

ρ(ρ − b)4

)

− BO

5

(
1

ρ(ρ + b)10 − 1

ρ(ρ − b)10

)]
dV

= ηsπb

1∫

a

L
2∫

− L
2

π∫

−π

[
AO

2

(
1

ρ(ρ + b)4 − 1

ρ(ρ − b)4

)

− BO

5

(
1

ρ(ρ + b)10 − 1

ρ(ρ − b)10

)]
r2δ dδ dz dθ, (6)

where ηs represents the atomic surface density of the sphere, and AO and BO are the
attractive and repulsive constants for the sphere of oxygen atoms interacting with an
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(b)

Fig. 3 Geometry of a carbon dioxide molecule centred on the z-axis interacting with flaired right cylindrical
aquaporin (a continuum approach and b discrete approach)

aquaporin, respectively. Thus, by combining all interaction pairs, the total energy is
given by

Vtot = V1 + V2. (7)

In the second approach, we use a completed discrete method to determine the total
interaction potential of a carbon dioxide molecule interacting with GlpF and AQP1
(Fig. 3b). For this case, the carbon dioxide molecule is considered as three separated
atoms. The carbon atom is assumed to be located at (0, 0, z0) and the two oxygen
atoms on the negative and positive sides of the carbon atom are assumed to be located
at (0, 0, z0 − σ f ) and (0, 0, z0 + σ f ), respectively. Thus, the total interaction energy
is given by

V tot = ηc

π∫

−π

1∫

a

⎡

⎢⎢⎣

L
2 +σ f∫

− L
2 +σ f

r2δ(−AOρ−6 + BOρ−12) dz

+
L
2∫

− L
2

r2δ(−ACρ−6 + BCρ−12) dz

+
L
2 −σ f∫

− L
2 −σ f

r2δ(−AOρ−6 + BOρ−12) dz

⎤

⎥⎥⎦ dδ dθ , (8)
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Table 1 Lennard–Jones
constants (ε and σ ) Interaction ε (eV ×10−2) σ (Å)

C–C 0.455 3.851

C–O 0.344 3.675

O–O 0.260 3.500

Table 2 Numerical values of constants used in this model

Variable Symbol Value

Length of GlpF L 28 Å

Outer radius of GlpF r1 15 Å

Distance between carbon and
oxygen atom in CO2

σ f 2.055

Inner radius of GlpF r0 12 Å

Radius of sphere of oxygen atoms b 1.163 Å

Volume density for GlpF ηc = NG/Vc 4737/Vc = 0.3389 atom/Å3

Volume density for an AQP1 ηc = NQ/Vc 4601/Vc = 0.3292 atom/Å3

Surface density for CO2 as a line ηR = 3/Length of line 0.6374 atom/Å

Surface density for sphere of oxygen atoms ηs = 2/AS 0.1177 atom/Å2

Channel wall thickness a = r∗
0 /r0 0.25

where AC and BC are the average attractive and repulsive constants for the carbon
atom and aquaporin channel, respectively. For detailed analytical evaluation of (8),
we refer the reader to [25].

3 Numerical results and discussion

In this section, we evaluate the potential energy for a carbon dioxide molecule inter-
acting with flaired right cylindrical aquaporins GlpF and AQP1 which have chemical
compositions C1289H2527N315O591S11 and C1235H2468N320O601S7, respectively [14].
We provide plots of the potential energy showing the acceptance of carbon dioxide
molecule using MAPLE and MATLAB softwares. The numerical values used in this
model are shown in Table 1 [22,23,27–29] and Table 2 [30], where NG and NQ are the
numbers of atoms in GlpF and AQP1 channels, respectively, Vs is the volume of the
aquaporin and As is the surface area of the aquaporin [30]. The attractive and repulsive
constants as shown in Table 3 are calculated by finding the well depth ε and van der
Waals diameter σ for individual atoms interacting with all atoms of the aquaporin.

Figures 4–7 show the total energies arising from the interaction between a carbon
dioxide molecule and two kinds of aquaporins, GlpF and AQP1. Two kinds of solutions
are shown. Firstly, we refer to the infinite summation formulation given in [25] as
the computational solution, and secondly a numerical evaluation of the integrals (8)
utilizing the numerical integration facility of MAPLE is referred to as the numerical
solution. In the calculation presented here we truncate the infinite summation in the
computational solution after evaluating the first 10 terms for the five special cases as
mentioned in Appendix A of [25].
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Table 3 Numerical values for
the attractive (A) and repulsive
(B) constants

Interaction Symbol Value
(eVÅ6)

Symbol Value
(eVÅ12 ×103)

O–O AO O 22.63 BO O 41.599

O–H AO H 9.41 BO H 9.972

O–S AO S 79.89 BO S 228.279

O–N AO N 23.41 BO N 49.283

O–C AOC 33.79 BOC 83.240

H–H AH H 4.41 BH H 2.548

H–S AH S 41.10 BH S 70.517

H–N AH N 11.70 BH N 14.383

H–C AHC 17.16 BHC 52.046

C–N AC N 41.26 BC N 115.661

C–S AC S 139.04 BC S 522.516

S–N ASN 97.11 BSN 4.772

C–C ACC 58.71 BCC 191.493

N–N AN N 28.74 BN N 69.083

S–S ASS 324.72 BSS 1,401.426

O–GlpF AO 18.43 BO 36.335

C–GlpF AC 32.41 BC 99.162

O–AQP1 AO 18.82 BO 36.901

C–AQP1 AC 32.45 BC 99.031

CO2–AQP1 AC O2 23.36 BC O2 57.611

CO2–GlpF AC O2 23.09 BC O2 57.277
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Fig. 4 Total potential energy for a carbon atom, a sphere of the oxygen atoms, and a carbon dioxide
molecule interacting with GlpF

We evaluate and plot the potential energy arising from the interaction between
the carbon atom as a specific point and oxygen atoms as a sphere interacting with
the aquaporin channel GlpF as shown in Fig. 4. Both computational and numerical
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Fig. 5 Total potential energy for a carbon atom, a sphere of two oxygen atoms, and a carbon dioxide
molecule interacting with AQP1
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Fig. 6 Total potential energy for a carbon dioxide molecule modelled as the combination of discrete atoms
interacting with GlpF

results are practically zero at z0 = ±30 Å and beyond that it decreases gradually. Both
solutions agree well and have a minimal difference in the magnitude of total energy. In
our calculations, the minimum interaction energy is approximately −5.60 eV around
the centre of the z-axis, thereby maximizing the van der Waals interaction. At the centre
of the channel, the energy resulted from the contribution of the carbon as a discrete
atom and the sphere of the two oxygen atoms are −2.05 and −3.55 eV, respectively.

In Fig. 5, we calculate the potential energy resulting from the interaction between
the carbon as a single atom and the AQP1 channel. Both solutions, numerical and
computational, are practically zero at z0 = ±30 and they agree well. Next, we combine
the interaction energies for the carbon atom and for the sphere of oxygen atoms. The
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Fig. 7 Total potential energy for a carbon dioxide molecule modelled as the combination of discrete atoms
interacting with AQP1

total energy profile arising from the contribution of these interactions exhibits global
minimum of −5.69 eV around the centre of the AQP1 channel.

In Figs. 6 and 7, we show the total potential energy arising from the carbon dioxide
molecule as three discrete atoms interacting with the GlpF and AQP1 channels, respec-
tively. Our results indicate that the potential energies for both interactions (CO2–GlpF
and CO2–AQp1) are practically zero at z = ±30 and the minimum potential energy
for CO2–AQP1 is −5.71 eV and that of CO2–GlpF is approximately −5.61 eV at
the centre of the z-axis (in the middle of aquaporin channel). We comment that the
total potential energy around the centre is variant and depends on the kind of aqua-
porin channel. Our investigation demonstrates the acceptance of CO2 molecule into
the GlpF and AQP1 channels.

In conclusion, the interactions between CO2 molecules and aquaporin channels
have the global minimum energy around the centre of the z-axis, which is due to the
carbon dioxide molecule being closer to the inner wall of the aquaporin and the radius
of the aquaporin r being narrowest there. We find that the carbon dioxide molecule is
more favourable inside the AQP1 than GlpF. Our results agree with Kruse et al. [5]
and Yi et al. [19] who demonstrate the transportation of CO2 through GlpF and AQP1
channels. Further, our results are consistent with Nakhoul et al. [20] and Holbrook and
Zwieniecki [21] who show that the water channel AQP1 are able to transport small gas
molecules, such as carbon dioxide, nitric oxide and ammonia through cell membrane
protein.

4 Summary

We present a mathematical model which describes the acceptance of carbon dioxide
molecules into protein channels. In particular, this model investigates the interaction
between carbon dioxide molecule and flaired right cylindrical aquaporins, GlpF and
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AQP1 channels, for which we assume a gradual change in the radius of the aquaporin
channel r as a parabolic curve. We adopt the 6–12 Lennard–Jones potential to calculate
the van der Waals interaction energy. Two approaches are used to model the carbon
dioxide molecule, namely discrete-continuum and completed discrete approaches.
Our results indicate that the aquaporin radius r plays a major role in determining
the optimum energy for these interactions. The total potential energy has the global
minimum energy around the centre of the cylindrical aquaporins. Consequently, our
results show the acceptance of the carbon dioxide molecule inside the GlpF and AQP1
channels.
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