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Plasmodium falciparum aquaporin (PfAQP) is a multifunctional channel protein in the plasma membrane of the
malarial parasite that causes the most severe form of malaria infecting more than a million people a year. This
channel protein facilitates transport ofwater and several solutes across the cellmembrane. In order to better elu-
cidate the fundamental interactions between PfAQP and its permeants and among the permeants, I conducted
over three microseconds in silico experiments of atomistic models of the PfAQP–membrane system to obtain
the free-energy profiles of five permeants (erythritol, water, glycerol, urea, and ammonia) throughout the am-
phipathic conducting pore of PfAQP. The profiles are analyzed in light of and shown to be consistentwith the ex-
istent in vitro data. The binding affinities are computed using the free-energy profiles and the permeant
fluctuations inside the channel. On this basis, it is predicted that erythritol, a permeant of PfAQP itself having a
deep ditch in its permeation passageway, inhibits PfAQP's functions of transporting water and other solutes
with an IC50 in the range of high nanomolars. This leads to the possibility that erythritol, a sweetener generally
considered safe, may inhibit or kill the malarial parasite in vivo without causing undesired side effects. Experi-
mental studies are hereby called for to directly test this theoretical prediction of erythritol strongly inhibiting
PfAQP in vitro and possibly inhibiting P. falciparum in vivo.

© 2015 Elsevier B.V. All rights reserved.
Texas 78249, USA. Tel.: +1 210
1. Introduction

Plasmodium falciparum aquaglyceroporin (PfAQP), a member of the
aquaporin family [1–7], is a multifunctional channel protein on the
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plasma membrane of the malarial parasite that is responsible for the
most severe form of malaria infecting over a million people a year.
Now we have learnt from the functional experiments that PfAQP facili-
tates permeation of water, glycerol, erythritol, urea, ammonia, and, pos-
sibly, ammonium across the cell membrane [8–13]. It is fundamentally
and practically important to understand how these permeants interact
with the protein and how they interact with one another if they coexist
in the system [7,14,15]. One of the critical questions is: Could one of the
permeants of PfAQP (or another aquaglyceroporin) actually inhibit the
channel protein's functions of transporting other permeants? So far,
in vitro experiments supplied us with unostentatious but unambiguous
evidence that glycerol inhibits water permeation through PfAQP. The
crystallization experiments aided by in silico simulations gave us the
atomistic details of this and other aquaporin proteins, illustrating
how waters and glycerols line up in a single file inside the conducting
pore of this aquaglyceroporin (Fig. 1) and the Escherichia coli
aquaglyceroporinGlpF [10,16–19]. In the absence of glycerol, in vitro ex-
periments showed that water easily traverses the conducting pore of
PfAQP [8] and in silico studies corroborated it with a flat landscape of
Fig. 1. (A) Shown in the left is the crystal structure of PfAQP. The coordinates are taken from t
proximately given by (−10Å b z b 10Å). The protein as a whole is represented as ribbons col
parts of the protein are also represented as wireframe surfaces (colored by atom names) to i
balls) line up in single file. The coordinates are so chosen that the z-axis points to the cytoplasmi
structure of PfAQPwhen erythritol is outside (top) and inside (bottom) the conducting pore. Th
top and bottom panels. The protein is partially represented (x+ y N 22 Å)with wireframe surfa
and red (oxygen) balls. The waters inside the single-file channel region are represented as g
Graphics here and in the rest of the paper were rendered with VMD [30]. (C) Shown in the bo
channel entry vestibule—curve inside the channel—straight line from the channel exit to the cy
its free energy [17,20,21]. In the presence of glycerol, in vitro data
showed reduced water permeability of PfAQP. (This conclusion was
achieved in Ref. [22] through a detailed analysis of the in vitro data of
Refs. [10,11] in comparisonwith the data of Refs. [8,23,24].) And in silico
simulations produced a free-energy profile of glycerol having a ditch
[22] in its permeation path through the protein. Glycerol, when perme-
ating through the protein channel, would dwell inside the protein for a
significant time like being in a bound state and thus occlude the
conducting pore of the protein. The existence of such a ditch along
glycerol's permeation path is due to the structural fitness of PfAQP
hosting a glycerol near the channel center where the van der Waals
(vdW) interactions are all favorable between a glycerol and the lumen
residues of an aquaglyceropoin.

In light of these understandings, I hypothesize that erythritol, a
permeant having an even better fit than glycerol in the center of the
PfAQP channel, would have a deeper ditch in its permeation path and
thus would strongly inhibit PfAQP's functions of transporting water,
glycerol, and other permeants (Fig. 1). This hypothesis is based on two
considerations: 1. Erythritol resembles glycerol in structure (four vs
he PDB (3C02) and translated along the z-axis so that the single-file channel region is ap-
ored by residue types. The back (x + y N 22Å, top) and the front (x + y b 27 Å, bottom)
llustrate the conducting pore in which waters (green balls) and glycerols (red and cyan
c side in perpendicular to themembrane surface. (B) Shown in the right is the equilibrated
e single-file region of the conducting pore is indicatedwith the horizontal bar between the
ces colored by atom names. Erythritol is represented by white (hydrogen), cyan (carbon),
reen balls while waters outside the single-file region are represented by green bubbles.
ttom is the permeation path of erythritol—straight line from the extracellular bulk to the
toplasmic bulk.
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three linear carbohydroxyl groups) and thus in hydrogen bonding with
waters and lumen residues lining the protein channel. 2. Erythritol is
bulkier than glycerol but the PfAQP channel has sufficient room near
the Asn-Leu-Ala (NLA) and Asn-Pro-Ser (NPS) motifs to accommodate
themolecule having all favorable vdW interactions with the lumen res-
idues. (The room there is more than enough for a glycerol and therefore
glycerol binding there is not the maximum fit.) These two factors com-
binedwould give rise to stronger binding of erythritol near theNLA-NPS
motifs. To theoretically validate this hypothesis, we need an accurate
determination of the free-energy profile for each permeant—the poten-
tial of mean force (PMF) [25–29] as a function of the permeant center-
of-mass (COM) coordinates along its permeation path leading from
the periplasm to the entry vestibule of PfAQP, throughout the channel,
to the cytoplasm (see Fig. 1(C) for an illustration of the permeation
path of erythritol. Note that the coordinates are chosen as follows: The
xy-plane is located near the center of the PfAQP channel and parallel
to the membrane-cyto/periplasm interfaces and the z-axis points from
the periplasmic to the cytoplasmic side.) These free-energy profiles
along with the permeant fluctuations inside the channel, considered
on the basis of the structure information available in the literature, can
ascertain the conclusion that erythritol inhibits PfAQP in the concentra-
tion range of high nanomolars.

In this paper, I present the free-energy profiles for the five
permeants (erythritol, water, glycerol, urea, and ammonia) computed
on the basis of circa 3 μs molecular dynamics (MD) simulations, which
amount to more than ten times the computational efforts invested on
an aquaglyceroporin in the current literature. The free-energy profile
of each of the permeants is computed as the PMF along the most prob-
able path from the extracellular bulk, through the PfAQP channel, to the
cytoplasmic bulk. Erythritol is found to have the strongest binding with
PfAQP. It's free-energy curve has a very deep well inside the PfAQP
channel near the NLA-NPS motifs that is 12 kcal/mol below its free en-
ergy in the bulk of periplasm/cytoplasm. Using this profile along with
the erythritol fluctuations inside the channel, the dissociation constant
is computed to be 786 nM. When an erythritol molecule is dissociated
from and bound to the ditch inside the protein's conducting pore,
PfAQP will switch between being open and closed to permeation of
water or other permeants (Fig. 1). Therefore, one can readily regulate
PfAQP's functions of transporting water and other permeants by
adjusting the erythritol concentration in the nM to μM range. Even
though direct validation of this theory of erythritol inhibiting PfAQP
needs further in vitro experiments measuring the erythritol-PfAQP dis-
sociation constant and the protein's permeabilities for various erythritol
concentrations, the in vitro data available in the current literature do
support various biophysical implications of the results of this work.

2. Methods

2.1. System setup

This study was based on the following all-atom model of
PfAQP embedded in the cell membrane (illustrated in supplemental
Fig. S1), similar to Refs. [31,32]. The PfAQP–membrane system
with glycerols was fully described in Ref. [22]. Briefly, the PfAQP tetra-
mer including the structural waters, formed from the crystal structure
(PDB code: 3C02), was embedded in a patch of fully hydrated
palmitoyloleylphosphatidyl–ethanolamine (POPE) bilayer. The PfAQP–
POPE complex is sandwiched by two layers of water, each of which is
approximately 30 Å in thickness. The system is neutralized with 9 Cl−

ions. And additional Na+ and Cl− ions were added at a concentration
of 150 mM. The entire system, consisting of 150,459 atoms, is
116 Å × 114 Å × 107 Å in dimension when fully equilibrated. The Carte-
sian coordinates are chosen such that the origin is at the geometric cen-
ter of the PfAQP tetramer. The xy-plane is parallel to the lipid–water
interface and the z-axis is pointing from the periplasm to the cytoplasm.
The PfAQP–membrane systems with ammonia, urea, and erythritol
were, respectively, built by replacing glycerols with the corresponding
permeants. For the study of water permeation, the PfAQP–membrane
system was obtained by deleting all the glycerols.

All the simulations of this work were performed using NAMD 2.9
[33]. The all-atom CHARMM36 parameters [34–36] were adopted for
inter- and intra-molecular interactions without modifications except
for urea in which case the parameters of Ref. [37] were used instead.
Water was represented explicitly with the TIP3 model. The pressure
and the temperatureweremaintained at 1 bar and 293.15K, respective-
ly. The Langevin damping coefficient was chosen to be 5/ps. The period-
ic boundary conditions were applied to all three dimensions, and the
particle mesh Ewald was used for the long-range electrostatic interac-
tions. Covalent bonds of hydrogens were fixed to their equilibrium
length. The time step of 1 fs was used for short-range interactions and
4 fs was used for long-range forces. The cut-off for long-range interac-
tionswas set to 12Åwith a switching distance of 10Å. In all simulations,
the alpha carbons on the trans-membrane helices of PfAQP within the
range of −10Å b z b 10 Å were fixed to fully respect the crystal
structure.

2.2. Steered molecular dynamics (SMD)

SMD [38–40] runs were conducted to sample the transition paths of
each of the permeatingmolecules (erythritol, water, glycerol, urea, am-
monia) going from the periplasm, through the conducting pore, to the
cytoplasm, for computing the free-energy profiles. The entire perme-
ation path leading from the periplasm (z b −20 Å), through the PfAQP
pore, to the cytoplasm bulk region (z N 20 Å), was divided into multiple
sections of 1.0 Å each in width. In each section, a chosen permeant's
COMwas steered/pulled in the positive z-direction to sample a forward
pulling path, and then pulled in the negative z-direction to sample a re-
verse pulling path. The pulling speed was v = 2.5 Å/ns in both direc-
tions. Four forward paths and four reverse paths were sampled in
every section. 4.0 ns equilibration was performed at both end points
of each section so that the pulling pathswere sampled between equilib-
rium states with the permeant's COM coordinates being fixed at the de-
sired values. In the single-file region inside the conducting pore
(z1 b z b z2), the z-coordinate of the pulled molecule's COM was ad-
vanced with the constant velocity given above while the x- and y-
degrees of freedomwere left uncontrolled to obey the system's dynam-
ics. Thus the x- and y-coordinates fluctuate around the free energy
minimum (x * (z), y * (z)) on the xy-plane at a given z-coordinate.
The COM of the pulled molecule approximately follows the most
probable path (x * (z), y * (z), z) as it is pulled in the z-direction. In
the non-single-file regions from the channel entry vestibule to the ex-
tracellular bulk and from the channel exit to the cytoplasmic bulk, the
z-coordinate was advanced in the same manner as in the single-file
region but the x- and y-degrees of freedomwere fixed to their constant
values (x * (z1), y * (z1)) on the extracellular side and (x * (z2), y * (z2))
on the cytoplasmic side respectively. The formulae of Ref. [41]
were used for extracting the free-energy profiles from the simulation
data and for computing the dissociation constants. They are restated
below.

The 1D PMF in the single-file region, G1D(z), can be computed
through the Brownian dynamics fluctuation–dissipation theorem (BD-
FDT) [42] as follows:

G1D zð Þ−G1D zAð Þ ¼ −kBT ln
exp −WA→Z=2kBT½ �h iF
exp −WZ→A=2kBT½ �h iR

� �
: ð1Þ

Here the COM z-coordinate of the permeant is pulled while the x-
and y-coordinates are free to fluctuate. Along each forward pulling
path from A to B, the work done to system was recorded as WA → Z

when the permeant was pulled from A to Z. Along each reverse pulling
path fromB toA, thework done to systemwas recorded asWB → Zwhen
the permeant was pulled from B to Z. Here Z represents a state of the



Fig. 2. Free-energy profiles of water and solutes along the permeation passageway
through the conducting pore of PfAQP:PMF (kcal/mol) as a function of the z-
coordinate (Å) of the permeating molecule. On the periplasmic side, the profiles rep-
resent the PMF along the straight line: x1�; y1

�; zð Þ leading from the extracellular bulk
(z b −20Å) to the channel entry x1�; y1�; z1 ¼ −10Å

� �
. Inside the single-file channel

region (z1 b z b z2), the profiles represent the PMF along the most probable path
(x*(z), y*(z), z). On the cytoplasmic side, the profiles represent that the PMF is
along the straight line x2�; y2

�; zð Þ leading from the channel exit x2�; y2
�; z2 ¼ 10Å

� �
to the cytoplasmic bulk (z N 20Å). Here (x1⁎ = x*(z1), y1⁎ = y*(z1)) and (x2⁎ =
x*(z2), y2⁎ = y*(z2)) are, respectively, the xy-coordinates of the most probable path
at the channel entry and at the channel exit.
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systemwhen the COM z-coordinate of the pulled permeant is z. A and B
represent two end states of a given section, respectively. WZ → A =
WB → A−WB → Z is thework done to the system for the part of a reverse
path when the permeant was pulled from Z to A. kB is the Boltzmann
constant and T is the absolute temperature. zA and zB are the z-
coordinates of the COM of the pulled permeant at the end states A and
B of the system, respectively.

The 3D PMF in the non-single-file regions outside the channel,
G3D(x, y, z), as a function of the permeant COM position (x,y,z), can
also be computed with the BD-FDT:

G3D x; y; zð Þ−G3D xA; yA; zAð Þ ¼ −kBT ln
exp −WA→Z=2kBT½ �h iF
exp −WZ→A=2kBT½ �h iR

� �
ð2Þ

when the pulling is conducted along a straight line or a fixed curve. Note
that only the z-components of the pulling forces were necessary for
computing the work done to the pulled molecule in both the single-
file and the non-single-file regions because the x- and y-coordinates
were either not pulled or not allowed any displacements. In both
cases, only the z-components contribute to the work done.

The 3DPMFalong themost probable path inside the single-file chan-
nel region is related to the 1D PMF,

G3D x � zð Þ; y � zð Þ; zð Þ ¼ G1D zð Þ þ kBT ln A zð Þ=A z1ð Þð Þ ð3Þ

where the area ratio can be approximated by computing the determi-
nant of the variance matrix of the COM x- and y-coordinates of the
permeant,

A zð Þ=A z1ð Þ ¼
δx2

D E
z

δxδyh iz
δxδyh iz δy2

D E
z

������
������=

δx2
D E

z1
δxδyh iz1

δxδyh iz1 δy2
D E

z1

�������

�������

0
B@

1
CA

1=2

: ð4Þ

Here δx= x− x * (z) and δy= y− y * (z) denote deviations from the
most probable path. The brackets with subscript z mean the statistical
average on the xy-plane of a given z coordinate. The area A(z1) is
taken as the reference area.

2.3. Computing the dissociation constant

Following Ref. [29], we have the binding constant

c0=kd ¼ c0 ∭
single‐file

region

dxdydzexp −G3D x; y; z½ �=kBT½ �

¼ c0A z1ð Þ
Zz2
z1

dz exp −G1D z½ �=kBT½ �:
ð5Þ

In Eq. (5), we use, for convenience of unit conversions, two different
but equivalent forms of the standard concentration, c0 = 1M on the left
hand side and c0= 6.02 × 10−4Å−3 on the right hand side. kd is the dis-
sociation constant. The PMF in the bulk is chosen to be zero.

3. Results and discussion

Shown in Fig. 2 are free-energy profiles (from top panel down)
for water, ammonia, urea, glycerol, and erythritol, respectively,
each of which is the PMF (kcal/mol) as a function of the permeant's
COM z-coordinate (Å) along a permeation path across the cell
membrane through the conducting pore of PfAQP. Note that the
single file channel region is between z1 = −10Å and z2 = 10Å as
shown in Fig. 1. Each PMF curve represents the free-energy variation
as a function of a permeant's COM z-coordinate along a permeation
path consisting of a line (x * (z1), y * (z1), z) leading from the periplasmic
bulk (z b −20Å) to the channel entry (z = z1), a curve
(x * (z), y * (z), z)—the most probable path inside the conducting pore,
and another line (x * (z2), y * (z2), z) leading from the channel exit
(z = z2) to the cytoplasmic bulk (z N 20Å). The entire permeation path
of erythritol is illustrated in Fig. 1(C). For all of the five neutral
permeants, the chemical potential in the extracellular bulk is, within
themargin of error, equal to that in the cytoplasmic bulk, indicating va-
lidity of the computation. These five free-energy curves are difficult to
confirm experimentally but their biophysical implications can be readily
validated. They are in fact consistentwith the existent in vitrodata avail-
able in the current literature. Further validation can be achieved with
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more experiments measuring the binding affinities and the permeation
regulations.

3.1. Water permeation through PfAQP vs AQPZ

The top panel of Fig. 2 shows the PMF for water permeation that has
multiple shallow minima and lowmaxima. The difference between the
highest maximum and the deepest minimum within the single-file re-
gion gives the Arrhenius activation barrier for water permeation that
is approximately 2.0 kcal/mol. This profilemeans highwater permeabil-
ity of PfAQP in full agreementwith the in vitro findings [8,10] that PfAQP
is as efficient as the water specific aquaporins AQP1, AQP4, and AQPZ.
Inhibiting this highly efficient function in water permeationwould seri-
ously reduce the parasite's ability of maintaining hydro-homeostasis
across its plasma membrane when it is subject to severe osmotic stress
during renal circulations. Inside the PfAQP channel, there are sevenmin-
ima whose locations correspond well with the locations of waters
shown in Fig. 1 (top right illustration). This feature of PfAQP is similar
to AQPZ whose crystal structure [43] demonstrates the single-file line
of waters inside the conducting pore illustrated in Fig. 3. Quantitatively,
I computed the free-energy profile of water permeating through AQPZ
(Fig. 3) in the sameway as for PfAQP, predicting anArrhenius activation
barrier of 3.4 ± 0.6 kcal/mol for water transport that is in agreement
with the experimental value of 3 kcal/mol [23] and consistent with re-
cent in silico studies of AQP4 [31,32]. The agreement between this in
silico prediction and the in vitro studies of AQPZ should strongly indicate
the validity of the approach of this work.

3.2. Ammonia

The second panel of Fig. 2 shows that the PMF curve for ammonia
permeation is rather shallow as well. Its deepest well is −2.5 kcal/mol
and its highest barrier is only 1.1 kcal/mol. The Arrhenius activation bar-
rier of ammonia permeation is approximately 3.6 kcal/mol. Therefore,
PfAQP facilitates ammonia transport across the plasma membrane of
Fig. 3.Water permeation through AQPZ. Shown in the top panel is the free-energy profile,
the PMF as a function of the COM z-coordinate of a water molecule. Shown in the bottom
panel is the protein in ribbons colored by residue name alongwithwaters in red (oxygen)
and white (hydrogen) spheres within the conducting pore of AQPZ and near the channel
entry and exit. Also shown are residues at the narrowest part of the channel, ARG 189 and
HIS 174 in spheres colored by atom names.
P. falciparum at a very high efficiency, in agreement with the in vitro
findings of Ref. [12]. Inhibiting this function of PfAQP may severely
harm the parasite's metabolism if P. falciparum indeed relies on PfAQP
for excretion of this metabolic waste.
3.3. Glycerol vs urea

The third and fourth panels of Fig. 2 show that the free-energy pro-
files of urea and glycerol both have deep ditches inside the single-file
channel regions. Urea and glycerol, when permeating PfAQP, are both
subject to the process of being bound inside the protein (dwelling inside
the channel for significant times), occluding the channel from
conductingwater or ammonia. The binding affinities of urea and glycer-
ol are similar, both in the low mM range. In terms of dissociation con-
stant, we have kd

urea = 1.3 mM and kd
gol = 1.8 mM, using Eq. (5) that

involves fluctuations of urea and glycerol shown in supplemental fig-
ures S2 to S4. Note that the dissociation constant of urea is significantly
smaller than that of glycerol because the urea has greater entropy than
glycerol at the binding site inside the conducting pore. Glycerol is about
50% bulkier than urea and thus has less space to fluctuate inside
the pore. Its binding to PfAQP is weaker than urea even though the
ditch in its PMF curve (−6.5 kcal/mol) is slightly deeper than urea
(−6.0 kcal/mol). The difference between urea and glycerol is within
the margin of error. Also note that Ref. [22] did not take full account of
this entropic contribution to give an accurate estimate of the glycerol–
PfAQP dissociation constant. The PMF value of −6.5 kcal/mol was
regarded in Ref. [22] as the sole contribution to the binding free-
energy. Taking full account of all contributions to the binding free ener-
gy, one needs to use Eq. (5) as it is done this work.

Based on the binding constants and the fact that PfAQP only allows
single-file ofwaters and solutes inside the conducting pore, it is predicted
that, in the mM concentration range, either urea or glycerol inhibits
water/ammonia permeation through PfAQP. In the presence of high con-
centration of glycerol/urea, PfAQPwill be saturatedwith glycerol/urea in-
side its channel. Then water permeation is fully correlated to the off rate
of glycerol/urea and thuswill have an activation barrier (over 6 kcal/mol)
that is significantly higher than the barrier (around 2 kcal/mol) in the ab-
sence of glycerol/urea. The current literature does not have all the data to
fully validate this theoretical prediction but a careful analysis of the exis-
tent in vitro experimentswas done in Ref. [41] showing that the presence
of glycerol suppresses water conduction through aquaglyceroporin. For
example, "Song et al. [11] examined water permeability of PfAQP
expressed in protoplasts. They determined the rate constants from the
exponential fitting of their light scattering curves. The rate constants so
determined are proportional to the water permeation rates across the
protoplasts. They extracted the difference between the rate of PfAQP-
expressing protoplasts and the rate of the non-expressing control proto-
plasts for different osmolytes including glycerol. For 300mosMacross the
protoplasts induced by sucrose in the absence of glycerol, the rate differ-
ence was 0.3/s. For the same 300mosM induced by glycerol, the rate dif-
ference was only 0.01/s, indicating that the PfAQP was completely
inhibited at high glycerol concentration."

Another similarity between glycerol and urea is that the highest bar-
riers of their free-energy profiles are both in the ar/r selectivity-filter re-
gion (z ~ −7Å). And the deepest wells are located near the NPS-NLA
motifs (z ~ 4Å) where the channel is widest to accommodate the solutes
without significant distortion in the channel-lining side-chains of the pro-
tein. The Arrhenius activation barriers (equal to the difference between
the highest peak and the lowest trough) are both approximately 11
kcal/mol. Currently, in vitro experiments are needed to measure the acti-
vation barriers and to measure the dissociation constants of urea and
glycerol. Note, however, that the Arrhenius activation barrier for glycerol
permeation through GlpF was measured to be 9.7 kcal/mol [23]. This ex-
perimentally measured value validates GlpF's free-energy profile com-
puted in Ref. [41] that resembles PfAQP's profile discussed above.
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3.4. Erythritol

The fifth panel of Fig. 2 shows the free-energy profile of erythritol
permeation. The activation barrier of erythritol permeation is higher
than that of glycerol. Therefore, PfAQP is less permeable to erythritol
than to glycerol. This conclusion is in agreement with the in vitro data
of Ref. [8]. There is a very deep ditch (about 12 kcal/mol below the
bulk level) in erythritol's permeation path inside the PfAQP channel
near the NLA-NPS motifs. This means that erythritol is tightly bound
to PfAQP inside the conducting pore. The dissociation constant of
erythritol from the PfAQP pore is estimated to be kd

ery = 786 nM, using
Eq. (5) that utilizes erythritol fluctuations inside the conducting pore il-
lustrated in supplemental figures S5 and S6. The binding affinity of
erythritol is much stronger than urea or glycerol. Therefore, the pres-
ence of glycerol or urea in the system will not inhibit the permeation
of erythritol through the PfAQP pore, in agreement with the in vitro
data [8]. Conversely, the presence of erythritol will inhibit the transport
of glycerol and urea. The current literature does not have experimental
data to support or to contradict this latter biophysical implication of the
free-energy profiles that erythritol strongly modulates the function of
Fig. 4. (A) PfAQP in ribbons colored by residue typeswith erythritol in red (oxygen), white (hyd
balls colored by residue types are six residues in repulsive contact with (distance b 2.3 Å from)
protein and erythritol are represented in the sameway as in (A) but viewed from the cytoplasm
the 12 residues in balls colored by residue types that are in favorable contact with (distance 2 t
(C) The van derWaals interaction energy between erythritol and the protein as a function of th
residues listed in (A). (F) The RMSD of the 12 residues listed in (B).
PfAQP in facilitating transport of water and solutes across the cell mem-
brane. In vitro experiments are needed tomeasure the PfAQP–erythritol
dissociation constant and tomeasure the PfAQP permeabilities of water,
ammonia, glycerol, and urea in the presence of erythritol at various con-
centrations from high nM to μM.

Finally, what atomistic interactions are responsible for the free-
energy profile of erythritol permeation having a deep ditch near the
NLA-NPS motifs? This question can be answered with Fig. 4 about the
van der Waals interactions between erythritol and the lumen residues
of PfAQP alongwith someother structural and energetic insights. In par-
ticular, there is a very deep well (−18kcal/mol) in the curve of the van
der Waals interaction energy between erythritol and PfAQP as a func-
tion of the z-coordinate of the erythritol COM along the permeation
path, demonstrating very strong attraction between the protein and
erythritol inside the channel near the NPS-NLA motifs. This strong at-
traction is due to the fact that the structure of this aquaglyceroporin
has a “perfect” binding site for erythritol near the NPS-NLA motifs. It
can host an erythritol there fitly (Fig. 4(B)) without any repulsive con-
tact between the lumen residues and erythritol (Fig. 4(B), (D), (F) in
contrast with (A), (E)). The van der Waals interactions between
rogen), and cyan (carbon) balls. The COM of erythritol is located z=−6 Å. Also shown in
erythritol: L46, W50, T126, G189, P190, and R196. Viewed from periplasmic side. (B) The
ic side. The COMof erythritol is located at z=4Å, near theNPS-NLAmotifs. Also shown are
o 3 Å from) erythritol: L23, V54, I58, A67, H68, L69, N70, V73, L148, I152, V173, and N193.
e erythritol COM coordinate. (D) The dihedral energy of erythritol. (E) The RMSD of the six
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erythritol and PfAQP are all favorable over there. These favorable inter-
actions are responsible for the free-energy profile of erythritol (Fig. 2,
bottom panel) because the number of hydrogen bonds formed by
erythritol with the lumen residues and the waters inside the channel
do not vary drastically throughout the channel.

4. Conclusions

The multi-functional channel protein PfAQP is capable of facilitating
transport of water, ammonia, urea, glycerol, and erythritol across the
P. falciparum plasma membrane. Water and ammonia can traverse the
protein's conducting porewithout dwelling inside the channelmuch lon-
ger than occupying another space of similar volume in the bulk because
their free-energy profiles do not have deep ditches along their perme-
ation paths through the channel. In contrast, urea, glycerol, and erythritol
all have deep ditches along their permeation paths. They all dwell inside
the channel with a much greater probability than occupying a similar
space in the bulk regions. Therefore, the presence of any of these
three solutes in the systemmodulates the permeation of water and am-
monia. Glycerol's ditch has a depth (−6.5 kcal/mol) similar to urea's
(−6.0 kcal/mol) and, therefore, the two mutually interfere with one
another's transport. Finally and most importantly, the ditch along
erythritol's permeation path (−12 kcal/mol) is much deeper than
those of urea and glycerol. The presence of erythritol strongly regulates
PfAQP'smultifunctional capabilities. These conclusions canbe considered
partially validated because they do not contradict any but agree with all
the in vitrodata that are available in the current literature. They are still to
be fully validatedwithmore in vitro studies tomeasure transport regula-
tions with a range of urea, glycerol, and erythritol concentrations and to
measure the dissociation constants for urea, glycerol, and erythritol.
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