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The structures of several aquaglyceroporins have been resolved to atomic resolution showing two or more

glycerols bound inside a channel and confirming a glycerol-facilitator's affinity for its substrate glycerol.

However, the kinetics data of glycerol transport experiments all point to unsaturated transport that is

characteristic of low substrate affinity in terms of the Michaelis–Menten kinetics. In this article, we

present in silico–in vitro research focused on AQP3, one of the human aquaglyceroporins that is natively

expressed in the abundantly available erythrocytes. We conducted 2.1 ms in silico simulations of AQP3

embedded in a model erythrocyte membrane with intracellular–extracellular asymmetries in leaflet lipid

compositions and compartment salt ions. From the equilibrium molecular dynamics (MD) simulations,

we elucidated the mechanism of glycerol transport at high substrate concentrations. From the steered

MD simulations, we computed the Gibbs free-energy profile throughout the AQP3 channel. From the

free-energy profile, we quantified the kinetics of glycerol transport that is unsaturated due to glycerol–

glycerol interactions mediated by AQP3 resulting in the concerted movement of two glycerol molecules

for the transport of one glycerol molecule across the cell membrane. We conducted in vitro experiments

on glycerol uptake into human erythrocytes for a wide range of substrate concentrations and various

temperatures. The experimental data quantitatively validated our theoretical–computational conclusions

on the unsaturated glycerol transport through AQP3 that has high affinity for glycerol.
Introduction

The transport of glycerol across the cell membrane is funda-
mental in human physiology, biology, and biotechnology, and
has been investigated since long ago [e.g. ref. 1–7]. Aqua-
glyceroporins, a subfamily of membrane proteins belonging to
the aquaporin (AQP) family (see, e.g., ref. 8–75 for the back-
ground literature and some recent research), facilitate glycerol
diffusion across the cell membrane down the concentration
gradient. In the human body, there are four aquaglyceroporins:
AQP3,23–27 AQP7,62 AQP9,34,47,63,64 and AQP10 (ref. 46 and 65–69)
which are responsible for lipid homeostasis and other physio-
logical functions. In other organisms, there are, e.g., E. coli
aquaglyceroporin GlpF7,20,44,73 and P. falciparum aquaporin
PfAQP.22,45,70 Pathologically, for example, AQP3 found in various
exas at San Antonio, San Antonio, Texas
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epithelial cells is implicated in cancers; AQP3 and AQP10
expressed in enterocytes and adipocytes are relevant in obesity
research. Today, four aquaglyceroporin structures have been
resolved to atomic resolution: GlpF in 2000,20 PfAQP in 2008,22

AQP10 in 2018,69 and AQP7 in 2020.60,76 All of these high-
resolution X-ray structures showed glycerols bound inside the
channels, demonstrating that aquaglyceroporins have affinity
for their substrate, glycerol. Kinetics experiments on AQP9 and
AQP10 showed saturated transport at low substrate concentra-
tions.46,47 However, many other kinetics experiments of glycerol
transport showed unsaturable characteristics for glycerol
concentrations up to �1 M,5,6,71–73 which, based on the
Michaelis–Menten formalism, would suggest that aqua-
glyceroporins are simple channels without affinity for their
substrate. Putting all these together, we have a paradox: are
aquaglyceroporins facilitators with high affinity for their
substrate or simple channels providing a pore for glycerol
passage through the cell membrane without much affinity for
the substrate?

In this paper, we present an in silico–in vitro investigation of
AQP3 in the erythrocyte membrane aimed at resolving this
outstanding paradox: how can an aquaglyceroporin have high
affinity for glycerol but also transport the substrate in an
unsaturable manner? Our study is based on the following
experimentally validated characteristics: each human
RSC Adv., 2020, 10, 34203–34214 | 34203
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erythrocyte carries approximately 2000 copies77 of AQP3 that are
responsible for glycerol transport across the cell membrane.25,28

The membrane lipid compositions of human erythrocytes78–82

are approximately 11% phosphatidylcholine (POPC), 38%
phosphatidylethanolamine (POPE), 22% phosphatidylserine
(POPS), 9% sphingomyelin (SSM), and 20% cholesterol (CHL) in
the inner leaet and 35% POPC, 10 POPE, 35% SSM, and 20%
CHL in the outer leaet, respectively.

We rst ran equilibrium molecular dynamics (MD) simula-
tions for 16.0 monomer ms (0.5 ms for a large system having 32
AQP3 monomers, shown in Fig. 1) which is sufficiently long for
direct observation of a few glycerol transport events through
AQP3. In an event of transporting a substrate across the cell
membrane, a glycerol molecule can bind to AQP3 from one side
of the membrane and dissociate from AQP3 to the other side.
This pathway dominates when the substrate concentration is
low and the probability is negligible for simultaneous binding
of multiple substrates. Our large-scale simulation (having
200 mM glycerol in the system) showed a new transport
pathway. Along this pathway, two substrates can bind simulta-
neously inside the AQP3 channel, lining up in a single le
manner. The two substrates bound inside the channel next to
each other are in constant thermal uctuations pushing one
another and thus making it easy for one of them to dissociate
Fig. 1 All-atom model system of eight AQP3 tetramers in asymmetric
system consists of 1 249 096 atoms. The intracellular space is located at
The water and glycerol molecules are not shown for a clearer view of all
extracellular salt (NaCl) are shown as spheres colored by atom names (C
colored by lipid names (POPC, orange; POPE, tan; POPS, red; SSM, green
types (hydrophilic, green; hydrophobic, white; positively charged, blue; n
with VMD.83 The PME-based electrostatic potential is shown in the right
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from the protein to complete the transport of one glycerol
molecule. This new pathway can be exemplied in a glycerol
efflux event: there is always a glycerol bound at the high affinity
site near the center of the channel. A second glycerol binds to
a low affinity site on the intracellular (IC) side next to the rst
glycerol. When this second glycerol falls into the high affinity
site, it pushes the rst one to the low affinity site on the extra-
cellular (EC) side. From there, the rst glycerol can easily
dissociate from AQP3 into the EC uid. This second transport
pathway would become more signicant as the substrate
concentration increases, resulting in unsaturable transport
characteristics of an aquaglyceroporin. It is interesting to note
that, long before the discovery of aquaporins, it was already
proposed3,6 that glycerol transport involved simultaneous
binding of two glycerol molecules from one side of the
membrane and releasing them to the other side of the
membrane. Now, we have the atomistic details about the inner
workings of an aquaglyceroporin.

For quantitative characteristics, we ran 1.68 ms steered MD to
map out the driving force, namely the gradient of the potential
of mean force (PMF) which is the Gibbs free energy of the
system as a function of the coordinates of a glycerol molecule
along the transport path throughout AQP3 between the cyto-
plasm and the EC uid. From the PMF curve and the
environments mimicking the membrane of a human erythrocyte. The
�40�A < z < 40�A and the extracellular space at z < �95�A and z > 95�A.
the other constituents of the system. The intracellular salt (KCl) and the
l, cyan; K, metallic; Na, yellow). The lipids are represented as licorices
; CHL, silver). The proteins are presented as surfaces colored by residue
egatively charged, red). Molecular graphics in this paper were rendered
panel.

This journal is © The Royal Society of Chemistry 2020
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uctuations at the three binding sites inside the AQP3 channel,
we computed the glycerol–AQP3 affinities showing high affinity
�500/M at the central binding site near the asparagine–proline–
alanine (NPA) motifs and low affinities �1/M at two other sites,
one on the IC side and one on the EC side. We further quanti-
ed the transport kinetics based on the PMF curve to predict the
time courses of erythrocyte swelling–shrinking caused by glyc-
erol uptake. We conducted in vitro experiments of glycerol
uptake for ve substrate concentrations ranging from 25 mM to
400 mM at four temperatures from 5 �C to 37 �C. The experi-
mental data invariably validated the computational predictions
with a single tting parameter that is the rate constant for
glycerol to bind on to AQP3 from the IC side.
Methods

The parameters, the coordinates, and the scripts for setting up
the model systems, running the simulations, and analyzing the
data are available at Harvard Dataverse via DOI: 10.7910/DVN/
V9I4YQ.
Fig. 2 AQP3 monomer channel with a glycerol molecule (gold
colored spheres) at the central binding site near the NPA motifs. The
whole monomer protein is shown as ribbons along with the aromatic/
argininemotif residues (Phe63, Tyr212, and Arg218) shown in ball-and-
sticks, all colored by residue types (see Fig. 1 for colors). The water
molecules inside and near the channel are shown in space-filling
spheres colored by atoms (O, red; H, white).
Model system setup and simulation parameters

Following the well-tested steps in the literature, we employed
CHARMM-GUI84–86 to build an all-atom model of an AQP3
tetramer embedded in a 117 �A � 117 �A patch of erythrocyte
membrane. The AQP3 coordinates were taken from ref. 53
(optimized homology model validated with in vitro experi-
ments). The positioning of the AQP3 tetramer was determined
by matching the hydrophobic side surface with the lipid tails
and aligning the channel axes perpendicular to the membrane.
The AQP–membrane complex was sandwiched between two
layers of TIP3P waters, each of which was approximately 30 �A
thick. The system was then neutralized and salinated with Na+

and Cl� ions to a salt concentration of 150 mM. Glycerol was
added to the system to 200 mM in concentration. The system so
constructed consists of four AQP3 monomers in a single patch
of membrane constituted with 156 137 atoms, which is referred
to as SysI (shown in ESI, Fig. S1†). We employed NAMD 2.13 (ref.
87) as the MD engine. We used CHARMM36 parameters88–90 for
inter- and intra-molecular interactions. Aer the initial equili-
bration steps, we fully equilibrated the system by running
unbiasedMD for 500 ns with constant pressure at 1.0 bar (Nose–
Hoover barostat) and constant temperature at 303.15 K (Lan-
gevin thermostat). The Langevin damping coefficient was
chosen to be 1/ps. The periodic boundary conditions were
applied to all three dimensions. The particle mesh Ewald (PME)
was used for the long-range electrostatic interactions (grid level:
128 � 128 � 128). The time step was 2.0 fs. The cut-off for long-
range interactions was set to 10�A with a switching distance of 9
�A.

We replicated the fully equilibrated SysI seven times to
obtain eight copies of SysI. With appropriate translations and
rotations of the eight copies, we formed SysII, a large system of
two patches of membrane that consists of 1 249 096 atoms. In
each patch of the membrane, there are four AQP3 tetramers (16
monomers). We replaced Na+ ions in the intracellular space
This journal is © The Royal Society of Chemistry 2020
with K+ ions. In this manner, we constructed an all-atom AQP3–
membrane system (illustrated in Fig. 1) that has an intracellular
saline of KCl separated by two membrane patches from the
extracellular saline of NaCl. The model membrane has the
asymmetry in the lipid compositions of the inner and the outer
leaets mimicking the human erythrocyte membrane. Unbi-
ased MD was run for 500 ns for this large SysII with identical
parameters used for SysI except that the PME was implemented
on a grid level of 256 � 256 � 256. The last 200 ns of the
trajectories were used in the computation of the membrane
potential (Fig. 1) and the search for the glycerol transport
pathways. The advantages of SysII are twofold. First, the 200 ns
production run of this large system having 8 copies of the AQP3
tetramer is statistically equivalent to a 1.6 ms run of SysI that has
only one biologically functional unit (AQP3 tetramer). This
statistical time scale is more than the average time, 1.1 ms, for
a single transport event per AQP3 tetramer. A sub-microsecond
run of SysII, which is achievable in days, not weeks, on high-
performance supercomputers, should be sufficient for the
search of transport mechanisms. Second, SysII has a signicant
enhancement of the signal to noise ratio over SysI because the
intrinsic pressure uctuation of a system is inversely propor-
tional to the volume of the system.91 This second advantage,
while not critical in this study, may be needed in other studies
where the biophysical processes are sensitive to the pressure
uctuations.
Computing the Gibbs free-energy prole

We conducted 1680 ns steered MD of SysI (illustrated in Fig. 2
and S1†) to compute the PMF along the glycerol transport path
through an AQP3 channel across the membrane. We followed
the multi-sectional protocol detailed in ref. 75. We dened the
forward direction as along the z-axis, from the EC side to the IC
side. We divided the entire glycerol transport path across the
membrane from z ¼ �20 �A to z ¼ 20 �A into 40 evenly divided
sections. From the central binding site (z¼ 0�A, shown in Fig. 2)
RSC Adv., 2020, 10, 34203–34214 | 34205
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to the IC side (z$ 20�A), the center-of-mass z-degree of freedom
of glycerol was steered at a speed of 0.25�A ns�1 for 4 ns over one
section for a z-displacement of 1.0 �A to sample a forward path
over that section. At the end of each section, the z-coordinate of
the glycerol center-of-mass was xed (or, technically, pulled at
a speed of 0.0 �A ns�1) while the system was equilibrated for 10
ns. From the end of the 10 ns equilibration, the z-coordinate of
the glycerol center-of-mass was pulled for 4 ns for a z-
displacement of �1.0 �A to sample a reverse path. From the
binding site (z ¼ 0�A) to the EC side (z # �20�A), the center-of-
mass z-degree of freedom of glycerol was steered for 4 ns for a z-
displacement of �1.0 �A to sample a reverse path over one
section. At the end of that section, the z-coordinate of the
glycerol center-of-mass was xed while the system was equili-
brated for 10 ns. From the end of the 10 ns equilibration, the z-
coordinate of the glycerol center-of-mass was pulled for 4 ns for
a z-displacement of +1.0�A to sample a forward path. In this way,
section by section, we sampled a set of four forward paths and
four reverse paths in each of the 40 sections (20 sections from
the central binding site to the IC side and 20 sections from the
central binding site to the EC side) along the entire transport
path between the EC and the IC sides. The force acting on the
glycerol center-of-mass was recorded along the forward and the
reverse pulling paths for computing the PMF along the entire
transport path from the EC side to the central binding site and
then to the IC side. The PMF was computed from the work along
the forward paths and the work along the reverse paths via the
Brownian-dynamics uctuation–dissipation theorem.75
Binding affinity from PMF in 3D

Following the standard literature (e.g., ref. 92), one can relate
the binding affinity (inverse of the dissociation constant kDi) at
the i-th binding site to the PMF difference in 3 dimensions (3D)
and the two partial partitions as follows:

1/kDi ¼ exp[�DWi/RT]Zi/ZN. (1)

Here DWi is the PMF at the i-th binding site minus the PMF in
the dissociated state when glycerol is far away from the protein.
R is the gas constant. T is the absolute temperature. Zi is the
partial partition of glycerol in the i-th bound state which can be
computed by sampling the uctuations in 3 degrees of freedom
of the glycerol center of mass and invoking the Gaussian
approximation for the uctuations in the bound state.93
Experimental assays and analyses

The packed red blood cells from three anonymous healthy
donors were purchased from the South Texas Blood and Tissue
Center. Equal volumes of the three erythrocyte samples were
mixed and washed three times and then suspended in phos-
phate buffered saline (PBS) to a total concentration of 4%
hematocrit. In each experimental run, 5 mL of the 4% hemato-
crit suspension in PBS was rapidly mixed with an equal volume
of PBS containing glycerol at a concentration of 2DcGOL using an
Applied PhotoPhysics SX20 stopped-ow spectrometer. In such
a mixture solution, the extracellular environment of the
34206 | RSC Adv., 2020, 10, 34203–34214
erythrocyte is initially hyperosmotic with a gradient of DcGOL

which drives a water efflux out of the cell via AQP1 resulting in
cellular shrinkage in the initial phase. However, the extracel-
lular glycerol diffuses through AQP3 into the cytoplasm.
Subsequent to the initial phase, the glycerol inux drags along
a water inux via AQP1 resulting in cellular swelling which lasts
until the glycerol gradient dissipates away and the cells return
to the state before mixing. The intensity of light scattered at 90�

was measured to monitor the erythrocyte shrinking–swelling
process. The scattered light intensity is related to the varying
cellular volume as follows:

I(t) ¼ 1 + b(V0/V(t) � 1). (2)

Here t is time. b is a parameter to account for the number of
erythrocytes in the samples of a given set of experiments. V(t) is
the intracellular volume of an erythrocyte with its initial value
noted as V0. It follows the following dynamics equation:

dVðtÞ
dt

¼ PfAvW

�
ci0V0

VðtÞ � ci0 þ cðtÞ � ce

�
þNAQ3vGKðcðtÞ; ceÞ

� ðce � cðtÞÞ:
(3)

Here Pf is the osmotic permeability and A is the cellular surface
area. The PfA values of the erythrocyte samples were measured
in ref. 82. ci0 is the initial concentration of impermeable solutes.
ce ¼ DcGOL is the EC concentration of glycerol, which is
approximately constant because the IC spaces of all the eryth-
rocytes together amount to no more than 2% of the EC space in
the mixture solution of an experiment run. vW and vG are the
molar volumes of water and glycerol respectively. c(t), the IC
glycerol concentration, is determined by the glycerol transport
through AQP3,

d[c(t)V(t)]/dt ¼ NAQ3K(c(t),ce)(ce � c(t)). (4)

Here NAQ3 is the number of moles of AQP3 per erythrocyte. The
ux of glycerol uptake is proportional to the glycerol concen-
tration gradient. The coefficient K(c(t),ce) has a very complex
dependence upon the IC and the EC concentrations, which is
given in ESI, Part II.† That complex dependence reects the
dynamic balances among the glycerol molecules occupying the
three binding sites inside an AQP3 channel.

For each experiment, the full dynamics in eqn (3) and (4)
were numerically integrated for a given set of parameters (one of
which was used as a tting parameter) for a time-course solu-
tion in eqn (2), which was least-squares tted to the measured
intensity of scattered light in the cellular shrinking–swelling
process.
Results and discussion
Mechanisms of glycerol transport

In order to obtain direct observation of a transport event, we
conducted 500 ns unbiased equilibriumMD run of SysII (shown
in Fig. 1) having a glycerol concentration of 200 mM. We
observed that glycerol molecules bind inside an AQP3 channel
This journal is © The Royal Society of Chemistry 2020



Fig. 3 (A) Eight states of the glycerol–AQP3 complex and transitions between them. The three wells on a red curve indicate the binding sites of
glycerol inside the AQP3 channel. Each green nut indicates the presence of a glycerol molecule at the binding site. (B) An IC-to-EC transport
event. The protein AQP3 monomer is shown in ribbons and the ar/R sf residues (Phe63, Tyr212, Arg218) in ball-and-sticks, all colored by residue
types (hydrophobic, white; hydrophilic, green; negatively charged, red; positively charged, blue). Water molecules inside and near the AQP3
channel are shown in space-filling spheres colored by atoms (O, red; H, white). Two glycerol molecules are shown in space-filling spheres:
GOL661 colored purple and GOL102 colored gold.
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at three different locations illustrated in Fig. 3. We note the
central binding site near the NPAmotifs as site 0, the one on the
EC side of the NPA as site 1, and the one on the IC side of the
NPA as site 2. There are eight possible states for three binding
sites being occupied or unoccupied, which are tabulated in
Table 1. Fig. 3A illustrates these eight states and the transitions
between them. The transition rate constants are tabulated in
Table 2. Fig. 3B illustrates the transitions that gave rise to the
IC-to-EC transport of one glycerol molecule via the collective
motion of two glycerol molecules.

Examining the trajectories during the last 200 ns (aer SysII
was fully equilibrated), we gained the following insights: site
Table 1 States of binding occupation (G means site occupied)

Binding site State 000 State 010 State 001 Sta

EC side, site 1
Central, site 0 G G
IC side, site 2 G G

This journal is © The Royal Society of Chemistry 2020
0 was always occupied indicating that state 010 has the lowest
free energy. States 000, 100, 111, 001, and 101 were nearly
never occupied indicating that either site 1 or site 2 has much
higher free energy than site 0. Double occupancies (state 011
and state 110) did show up, noting that SysII has a high glyc-
erol concentration of 200 mM. The transitions between states
010 and 110 occurred multiple times and so did the transitions
between states 010 and 011. These transitions indicated that
the free energy for a glycerol being at site 1 or 2 is not much
lower than the bulk level (when it is outside the channel on the
EC or IC side). They further indicated that there is no signi-
cant attraction between the two glycerols in state 011 or 110.
te 011 State 100 State 110 State 101 State 111

G G G G
G G

G G

RSC Adv., 2020, 10, 34203–34214 | 34207



Table 2 Transition rate constants

From

To

State 000 State 010 State 001 State 011 State 100 State 110 State 101 State 111

State 000 k�2 k1
State 010 kkD/kD2 k�2 kkD/kD1 k1
State 001 k�2kD2 k k1
State 011 k�2kD2 k kkD/kD1 k1
State 100 k1kD1 k k�2

State 110 k1kD1 kkD1/kD2 kkD/kD2 k�2

State 101 k1kD1 k k�2kD2 k
State 111 k1kD1 k�2kD2

RSC Advances Paper
Transitions between state 011 and state 110 also occurred
within the 0.2 ms time frame, indicating that states 011 and
110 have similar free energies. All of these insights will be
quantitatively validated when the free-energy prole is
computed along the glycerol diffusion path throughout the
AQP3 channel.

Qualitatively, we now are clear that there are two pathways
for glycerol transport across the cell membrane through AQP3.
At a low glycerol concentration, double or triple occupancy
inside the channel is very low. Namely, states 110 and 011
(double occupancy) have negligibly small probabilities and even
more so do states 101 (double occupancy) and 111 (triple
occupancy). The EC to IC transport pathway consists of
consecutive transitions from 000 to 100 to 010 to 001 to 000 and
the IC to EC transport pathway consists of the same transitions
Fig. 4 PMF of glycerol throughout the AQP3 channel. The coordinates ar
file region (�10�A < z < 10�A), the PMF is one dimensional. In the EC (z < �
The three binding sites are located at: site 1, z � �6 �A; site 0, z � 0 �A; s

34208 | RSC Adv., 2020, 10, 34203–34214
in reverse sequence. The bottleneck of the transport pathway is
the 010 to 001 transition or the 010 to 100 transition because the
central binding site has high affinity. At a higher glycerol
concentration, double occupancies inside the channel become
more probable. A second transport pathway starts to play
a more signicant role. This second pathway consists of
consecutive transitions from 010 to 011 to 110 to 010 for
a glycerol efflux event (illustrated in Fig. 3) or the same transi-
tions in reverse order for a glycerol uptake event.

In principle, it is desirable to extend the unbiased equilib-
rium MD to many milliseconds in length to achieve statistically
signicant results for glycerol transport. In practice, it is
infeasible and unnecessary to incur such a great computing cost
because quantitatively accurate results can be obtained from
steered MD simulations for less than two microseconds.
e set so that the center of membrane is located at z� 0�A. In the single-
10�A) or IC (z > 10�A) side of the channel, the PMF is three dimensional.
ite 2, z � 8 �A.

This journal is © The Royal Society of Chemistry 2020



Table 3 Computed dissociation constants

Central binding
site, kD EC binding site, kD1 IC binding site, kD2

36.6 �C 4.0 mM 0.9 � 103 mM 1.2 � 103 mM
23.5 �C 2.0 mM 0.5 � 103 mM 0.8 � 103 mM
16.1 �C 1.6 mM 0.4 � 103 mM 0.7 � 103 mM
5.3 �C 1.0 mM 0.35 � 103 mM 0.55 � 103 mM

Paper RSC Advances
Quantitative characteristics

Fig. 4 shows the PMF throughout the AQP3 channel as a func-
tion of the z-coordinate of the glycerol's center of mass. It
represents the Gibbs free energy of the system when a glycerol
molecule is located at a given location. The reference level of the
PMF was chosen at the bulk level on either the EC or the IC side.
The two bulk levels must be equal for neutral solute transport
across the cell membrane which is not an actively driven
process but a facilitated passive process of diffusion down the
concentration gradient. The PMF curve leveling off to zero on
both the EC side and the IC side in Fig. 4 indicates the accuracy
of our computation. Inside the protein channel, the PMF pres-
ents a deep well (DW0 ¼ �7.5 kcal mol�1) near the NPA motifs
(around z � 0), which is a binding site for glycerol (site 0). On
the EC side, between the NPA and the aromatic/arginine (ar/R)
selectivity lter (sf), there is another binding site (site 1) where
the PMF has a local minimum (DW1 ¼ �3.5 kcal mol�1). The
third binding site (site 2) is located on the IC side of the NPA
where the PMF is DW2 ¼ �2.2 kcal mol�1. These PMF well
depths of the three binding sites are the main factors to
determine the affinities (the inverse dissociation constants): 1/
kD ¼ f0 exp[�DW0/RT] for site 0, 1/kD1 ¼ f1 exp[�DW1/RT] for site
1, and 1/kD2 ¼ f2 exp[�DW2/RT] for site 2. The other factors
involved in the determination of the affinities are the uctua-
tions at the three sites (f0, f1, f2) which was computed straight-
forwardly from the equilibrium MD runs with the gaussian
approximation. Combining the uctuations and the PMF well
depths, we obtained the dissociation constants tabulated in
Table 3. It should be noted that the PMF curve in Fig. 4 repre-
sents changes in the Gibbs free energy of the system when one
glycerol is displaced throughout the channel. It is necessary to
test if having a glycerol at site 0 will change the binding affin-
ities at sites 1 and 2. Our simulations of pulling a second glyc-
erol away from site 1 or 2 while the rst glycerol was at site
0 (unrestrained) produced no differences beyond the error bars.
There are no signicant attractions between the two glycerols.
Table 4 Experimental data of k�2

EC [glycerol] 25 mM 50 mM

36.6 �C 1.3 � 103/s M 1.3 � 103/s M
23.5 �C 1.05 � 103/s M 1.05 � 103/s M
16.1 �C 0.85 � 103/s M 0.9 � 103/s M
5.3 �C 0.8 � 103/s M 0.8 � 103/s M

This journal is © The Royal Society of Chemistry 2020
However, pulling the second glycerol from site 1 or 2 towards
site 0 caused the rst glycerol at site 0 (unrestrained) to move
out of the central binding site, which represents the transitions
between state 110 and state 011.

Interestingly, the PMF curve dictates that the rate constants
for transitions between the states are related to one another as
tabulated in Table 2. Additionally, k ¼ k�2max(kD1,kD2) and k1 ¼
k�2 exp(�DWEC/RT) where DWEC x 1.8 kcal mol�1 is the PMF
barrier along the binding path of a glycerol molecule from the
EC side. k�2 is the rate constant for glycerol binding onto AQP3
from the IC side. With these relationships, we leave one rate
constant k�2 free as a tting parameter to t with multiple sets
of experimental data for ve glycerol concentrations at four
different temperatures. If this PMF-based theoretical–compu-
tational framework accurately captured all the fundamental
steps in glycerol transport through AQP3, at each temperature,
k�2 would be nearly independent of the glycerol concentration.
The values of k�2 are expected to be slightly dependent on the
experimental temperature because the process represented by
k�2 (a glycerol molecule binding onto AQP3 from the IC side) is
essentially downhill without signicant barriers in the PMF
prole.

Now, what interactions are responsible for the strong
AQP3–glycerol affinity represented by the deep well in the
PMF curve in Fig. 4? First, glycerol is hydrophilic. Away from
the protein where a glycerol molecule is surrounded by
waters, it can form six hydrogen bonds with the surrounding
waters. When it is inside the protein channel, it forms two
hydrogen bonds with waters and one or two hydrogen bonds
with the pore-lining residues. When a glycerol is inside the
channel, it displaces two or three waters that are bonded to
each other and to the pore-lining residues by six or seven
hydrogen bonds. Namely, in the bound state, a glycerol
breaks six hydrogen bonds to waters. This counting seems to
suggest that hydrogen-bond interactions favor the unbound
state of glycerol where it has three more hydrogen bonds.
However, in this counting, we ignored the hydrogen bonds
between waters in the bulk. In the dissociated state, a glycerol
displaces four waters from the volume it occupies and thus
disrupts 10 hydrogen bonds between the waters if assuming
2.5 hydrogen bonds per water in the aqueous bulk. Alto-
gether, the system has one more hydrogen bond when
a glycerol is inside the protein than in the aqueous bulk.
Therefore, even the hydrogen bonding interactions between
the miscible glycerol and water actually favor a glycerol
molecule bound inside the amphipathic AQP channel. More
importantly, glycerol is amphipathic as well. Its three OH-
100 mM 200 mM 400 mM

1.3 � 103/s M 1.3 � 103/s M 1.3 � 103/s M
1.05 � 103/s M 1.05 � 103/s M 1.0 � 103/s M
0.9 � 103/s M 0.9 � 103/s M 0.9 � 103/s M
0.8 � 103/s M 0.8 � 103/s M 0.8 � 103/s M
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Fig. 5 Experiments at �23 �C of glycerol uptake into human erythrocytes for extracellular glycerol concentration at 25 mM, 50 mM, 100 mM,
200 mM, and 400 mM. The data points (colored crosses) represent normalized intensity of light scattered at 90� immediately after mixing of an
erythrocyte suspension in 0.7� PBS (containing no glycerol) with an equal volume of 0.7� PBS containing 2DcGOL glycerol. Five colors represent
five experimental repeats under identical conditions. The black solid curve is the predicated time course with a single fitting parameter k�2 whose
fitted values are shown. The fitting has a p-value less than 10�5 and a relative error �5% in all five sets.
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Table 5 Fitted values of D

EC [glycerol] 25 mM 50 mM 100 mM 200 mM 400 mM

36.6 �C 9.7 � 105/s cell 9.5 � 105/s cell 9.1 � 105/s cell 8.8 � 105/s cell 6.9 � 105/s cell
23.5 �C 1.3 � 106/s cell 1.1 � 106/s cell 1.1 � 106/s cell 1.0 � 106/s cell 8.3 � 105/s cell
16.1 �C 1.3 � 106/s cell 1.3 � 106/s cell 1.2 � 106/s cell 1.2 � 106/s cell 1.0 � 106/s cell
5.3 �C 1.6 � 106/s cell 1.5 � 106/s cell 1.5 � 106/s cell 1.5 � 106/s cell 1.3 � 106/s cell
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groups are highly hydrophilic, but its HC-side has signicant
attraction to the hydrophobic side of the amphipathic AQP
pore. The strong van der Waals interactions between the
hydrophobic side of glycerol and the hydrophobic side of the
AQP channel are mostly responsible for the negative PMF
near the NPA motifs.
Experimental data vs. computational predictions

In order to validate our PMF-based theoretical–computational
study, we performed 20 sets of in vitro experiments on human
erythrocytes at four different temperatures between 5 �C and
37 �C for a wide range of glycerol concentrations (tabulated in
Table 4). Five sets of data at 23 �C are shown in Fig. 5 and all
the other data sets are included in ESI, Fig. S2–S4.† Below we
discuss in detail the experimental data and the perfect
agreement with the theoretical–computational predictions.

First of all, the tted values of the single parameter k�2

turned out to be weakly dependent upon temperature and, for
each temperature, independent of the glycerol concentrations
ranging from 25 mM to 400 mM (Table 4). The theoretical–
computational framework based on the PMF (Fig. 4) indeed
captured all the signicant factors of glycerol transport through
AQP3. Otherwise, the tted values of the tting parameter
would be strongly case-dependent.

For each given temperature, the time it took for the glycerol
uptake to complete (i.e., for the IC glycerol concentration to
reach the EC level) was nearly independent of the concentration
gradient. It took approximately 20 seconds for the uptake of
25 mM glycerol to complete. Likewise, it took approximately 20
seconds for the uptake of 50 mM, 100 mM, 200 mM, or even
400 mM glycerol (Fig. 5 for experiments at�23 �C). The glycerol
transport was clearly unsaturated. Otherwise, it would take
a longer time for the uptake to complete at a higher concen-
tration. The same conclusion can be drawn from experiments at
5 �C (�40 s for all of the ve concentrations), 16 �C (�25 s for all
of the ve concentrations), and 37 �C (�15 s for all of the ve
concentrations) (ESI, Fig. S2–S4†). Indeed, glycerol transport
through AQP3 is unsaturated in the concentration range up to
�0.4 M in perfect agreement with the kinetics theory based on
the PMF curve showing high AQP3–glycerol affinity at one of the
three binding sites.

To answer the question if the AQP3–glycerol experimental
data can be interpreted in terms of diffusion over a barrier,94–99we
followed eqn (7) of ref. 99 as follows: the glycerol ux J¼ K(ce� c)

and the coefficient K ¼ 1=
Ð
dz

h
e
WðzÞ�DW0

RT =DðzÞ
i
xDe�ðDWEC�DW0Þ=RT

with W(z) being the PMF shown in Fig. 4 and the diffusivity D
This journal is © The Royal Society of Chemistry 2020
being a tting parameter. If the simple diffusion-over-a-barrier
model is valid for the glycerol transport through aqua-
glyceroporin AQP3 of erythrocytes, then the tted values of D
would be independent of the glycerol concentrations and weakly
dependent on the temperatures (�RT), noting that the absolute
temperature T varied from 278.45 K to 309.75 K in our experi-
ments. The ttings are shown in ESI, Fig. S6–S9.† The tted
values of D are tabulated in Table 5, which vary from case to case
in contrary to the expected behaviors of D. In comparison with
the tted values of k�2 in Table 4, it is reasonable to conclude that
glycerol transport through an aquaglyceroporin cannot be rep-
resented by the simple diffusion-over-a-barrier model.
Conclusions

In the large-scale simulation of human aquaglyceroporin AQP3
in the erythrocyte membrane, we reached the time scale for
direct observation of an event of transporting a glycerol mole-
cule across the membrane. We observed a new transport
pathway that two glycerol molecules moved collectively to
transport one from the cytoplasm to the EC uid. From the
quantitative investigation, the kinetics theory based on the
Gibbs free-energy gradient (the driving force for the transport
process), we found the affinities of AQP3 for glycerol and the
probabilities of glycerol transport pathways. With validation by
experiments on human erythrocytes, we conclude that human
aquaglyceroporin AQP3 has �500/M affinity for glycerol and
that AQP3 conducts glycerol transport in an unsaturable
manner for glycerol concentrations <1 M. Due to the glycerol–
glycerol interactions facilitated by the AQP3 channel, an aqua-
glyceroporin having high affinity for its substrate can transport
the substrate across the cell membrane in an unsaturated
manner.
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24 M. Echevarŕıa, E. E. Windhager and G. Frindt, J. Biol. Chem.,
1996, 271, 25079–25082.

25 N. Roudier, J.-M. Verbavatz, C. Maurel, P. Ripoche and
F. Tacnet, J. Biol. Chem., 1998, 273, 8407–8412.

26 T. Zeuthen and D. A. Klaerke, J. Biol. Chem., 1999, 274,
21631–21636.

27 B. Yang, T. Ma and A. S. Verkman, J. Biol. Chem., 2001, 276,
624–628.

28 N. Roudier, P. Ripoche, P. Gane, P. Y. Le Pennec, G. Daniels,
J.-P. Cartron and P. Bailly, J. Biol. Chem., 2002, 277, 45854–
45859.

29 M. Zelenina, S. Tritto, A. A. Bondar, S. Zelenin and A. Aperia,
J. Biol. Chem., 2004, 279, 51939–51943.

30 H. Kida, T. Miyoshi, K. Manabe, N. Takahashi, T. Konno,
S. Ueda, T. Chiba, T. Shimizu, Y. Okada and S. Morishima,
J. Membr. Biol., 2005, 208, 55–64.

31 K. Edashige, M. Tanaka, N. Ichimaru, S. Ota, K.-i. Yazawa,
Y. Higashino, M. Sakamoto, Y. Yamaji, T. Kuwano,
D. M. Valdez, F. W. Kleinhans and M. Kasai, Biol. Reprod.,
2006, 74, 625–632.

32 E. W. Miller, B. C. Dickinson and C. J. Chang, Proc. Natl.
Acad. Sci. U. S. A., 2010, 107, 15681–15686.

33 E. Campos, T. F. Moura, A. Oliva, P. Leandro and G. Soveral,
Biochem. Biophys. Res. Commun., 2011, 408, 477–481.

34 G. Calamita, P. Gena, D. Ferri, A. Rosito, A. Rojek, S. Nielsen,
R. A. Marinelli, G. Frühbeck and M. Svelto, Biol. Cell, 2012,
104, 342–351.

35 A. P. Martins, A. Marrone, A. Ciancetta, A. Galán Cobo,
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Biology, 2019, 8, 85.

51 J. A. Freites, K. L. Németh-Cahalan, J. E. Hall and
D. J. Tobias, Biochim. Biophys. Acta, Biomembr., 2019, 1861,
988–996.

52 E. E. S. Ong and J.-L. Liow, Fluid Phase Equilib., 2019, 481,
55–65.

53 R. A. Rodriguez, H. Liang, L. Y. Chen, G. Plascencia-Villa and
G. Perry, Biochim. Biophys. Acta, Biomembr., 2019, 1861, 768–
775.
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