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Abstract

Among aquaglyceroporins that transport both water and glycerol across the cell membrane,
Escherichia coli glycerol uptake facilitator (GlpF) is the most thoroughly studied. However, one
question remains: Does glycerol modulate water permeation? This study answers this fundamental
question by determining the three-dimensional potential of mean force of glycerol along the
permeation path through GlpF's conducting pore. There is a deep well near the Asn-Pro-Ala
(NPA) motifs (6.5 kcal/mol below the bulk level) and a barrier near the selectivity filter (10.1
kcal/mol above the well bottom). This profile owes its existence to GlpF's perfect steric
arrangement; The glycerol-protein van der Waals interactions are attractive near the NPA but
repulsive elsewhere in the conducting pore. In light of the single-file nature of waters and
glycerols lining up in GlpF's amphipathic pore, it leads to the following conclusion: Glycerol
modulates water permeation in the .M range. At mM concentrations, GlpF is glycerol-saturated
and a glycerol residing in the well occludes the conducting pore. Therefore, water permeation is
fully correlated to glycerol dissociation that has an Arrhenius activation barrier of 6.5 kcal/mol.
Validation of this theory is based on the existent /n7 vitro data, some of which have not been given
the proper attention they deserved: The Arrhenius activation barriers were found to be 7 kcal/mol
for water permeation and 9.6 kcal/mol for glycerol permeation; The presence of up to 100 mM
glycerol did not affect the kinetics of water transport with very low permeability, in apparent
contradiction with the existent theories that predicted high permeability (0 M glycerol).
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1. Introduction

Escherichia coliaquaglyceroporin GlpF is a member of the membrane proteins responsible
for water and solute transport across the cell membrane [1-6]. Among the aquaglyceroporin
sub-family of proteins that conduct both water and glycerol, GlpF is the most thoroughly
studied, both in vitro [7-19] and /n silico [18,20-29]. There is no controversy over the
science that GIpF conducts both water and glycerol and how the amphipathic pore of GlpF
selectively facilitates the passage of waters and glycerols lining up in a single file through
the conducting channel [17,18,20,21]. However, one fundamental question remains: Does
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glycerol modulate water permeation through GIpF? And, related to this question, there are
some unsolved issues about water permeation through this protein's conducting pore: The in
vitro data indicate that GIpF is much less permeable to water than £. coli aquaporin Z
(AQPZ) and other water-selective aquaporins are [13,14,30], but theoretical studies predict
that GIpF is more permeable than AQPZ etc. [23,31]; The /n vitro experiments show that
water permeation has an Arrhenius activation barrier that is about 7 kcal/mol [13], but the
theoretical studies all give a rather flat free-energy profile throughout the permeation
channel of GIpF [20,27]. While the /n vitro experiments indicate that the presence of up to
100 mM glycerol does not affect the kinetics of water transport [13], all /in silico studies are
limited to 0 M glycerol concentration. All these problems can be resolved once we have an
accurate determination of the three-dimensional (3D) potential of mean force (PMF)[32-34]
of glycerol as a function of its center-of-mass (COM) coordinates along a path leading from
the periplasm to the entry vestibule of GIpF, through the channel, to the cytoplasm. This
chemical-potential profile in terms of the 3D PMF, considered on the basis of the structure
information available in the literature [17,18], can ascertain the conclusion that glycerol
strongly modulates water permeation through GIpF.

Inside the GlIpF channel, waters and glycerols line up in a single file, occluding one another
from occupying the same zcoordinate. (The z-axis is chosen as normal to the membrane-
water interface, pointing from the periplasm to the cytoplasm.) Therefore, waters and
glycerols permeate through the amphipathic pore of GIpF in a concerted, collective
diffusion, driven or not driven by the osmotic pressure. If a deep enough chemical-potential
well exists inside the channel (where the chemical potential is lower than the periplasm/
cytoplasm bulk level), a glycerol molecule will be bound there, with a probability
determined by the glycerol concentration and the dissociation constant. The bound glycerol
will occlude permeation of waters and other glycerols through the channel. GlpF will switch
between being open and closed to water permeation as a glycerol is dissociated from and
bound to the binding site inside the protein’'s conducting pore. Therefore, such a chemical-
potential profile means that glycerol modulates water permeation through GIpF in the
glycerol concentration range around the dissociation constant.

In order to produce an accurate chemical-potential profile of glycerol, I conducted a total of
899 ns equilibrium and non-equilibrium molecular dynamics (MD) simulations, which
amounts to about 10 times the computing efforts invested on GlpF in a published work of
the current literature. The non-equilibrium MD simulations include three sets of steered
molecular dynamics (SMD) [35-37] runs and two MD runs under pressure gradients. The
accuracy of the PMF estimation was ascertained by the agreement between the non-
equilibrium SMD approach and the equilibrium adaptive biasing force (ABF) approach
[24,38].

Glycerol is found to have a deep chemical-potential well in the GIpF channel near the Asn-
Pro-Ala (NPA) motifs that is 6.5 kcal/mol below its chemical potential in the bulk of
periplasm/cytoplasm. Glycerol binding to or dissociating from this binding site strongly
modulates water permeation through the GlpF pore. There are two chemical-potential
barriers separating the glycerol binding site from the periplasm and cytoplasm bulk regions;
The barrier at the selectivity filter (SF) between the binding site and the periplasm is 10.1
kcal/mol, and the barrier between the NPA and the cytoplasm stands at 4.6 kcal/mol above
the bottom of the chemical-potential well. This profile, considered in the context of the
structural characteristics of GIpF, leads to a new theory of glycerol modulated water
permeation through GIpF that is in full agreement with the /n vitro results in the current
literature. It also harmonizes the existent theoretical results at 0 M glycerol concentration
with the /in vitro experiments at up to 200 mM concentrations of glycerol. Furthermore, it
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could be fully validated by future in vitro experiments measuring the glycerol-GlpF
dissociation constant and the water permeability in the ;LM range of glycerol concentration.

2. Methods

2.1. System setup

This study was based on the following all-atom model of GlpF in the cell membrane (Fig.
1): The GlpF tetramer, formed from the crystal structure (PDB code: 1FX8) with 12
glycerols, was embedded in a patch of fully hydrated palmitoyloleylphosphatidyl-
ethanolamine (POPE) bilayer. The GIpF-POPE complex is sandwiched by two layers of
water, each of which is approximately 30 A in thickness. The system is neutralized and
ionized with Na* and CI~ ions at a concentration of 111 mM. The entire system, consisting
of 150,855 atoms, is 114 A x 115 A x 112 A in dimension when fully equilibrated. This
system (Sysl) has a glycerol concentration of 14 mM. A second system (Sysll), for 0 M
glycerol, was derived from Sysl by deleting all 12 glycerols. It has 150,687 atoms in all and
dimensions approximately equal to those of Sysl. The Cartesian coordinates are chosen such
that the origin is at the geometric center of the GIpF tetramer. The xy~plane is parallel to the
lipid—water interface and the zaxis is pointing from the periplasm to the cytoplasm.

All the simulations of this work were performed using NAMD 2.8 [39]. The all-atom
CHARMM36 parameters [40,41] were adopted for all the inter- and intra-molecular
interactions. Water was represented explicitly with the TIP3 model. The pressure and the
temperature were maintained at 1 bar and 293.15 K, respectively. The Langevin damping
coefficient was chosen to be 5/ps. The periodic boundary conditions were applied to all three
dimensions, and the particle mesh Ewald was used for the long-range electrostatic
interactions. Covalent bonds of hydrogens were fixed to their equilibrium length. The time
step of 2 fs was used for short-range interactions in equilibrium simulations, but 1 fs was
used for nonequilibrium runs. The same time step of 4 fs was used for long-range forces in
both equilibrium and nonequilibrium simulations. The cut-off for long-range interactions
was set to 12 A with a switching distance of 10 A. In all simulations, the alpha carbons on
the trans-membrane helices of GIpF within the range of =10 A < z< 10 A were fixed to fully
respect the crystal structure.

2.2. Equilibrium MD

Two runs of 100 ns each in length were conducted for Sysl and Sysl| respectively. Using the
theoretical formulation of [42], | computed the mean square displacements (MSD) of the
water molecules in the conducting pore. (The MSD curves are shown in supplemental Fig.
S1.) The slope of the MSD curve gives an estimate of the osmotic permeabilities of both
Sysl and Sysl| that will be presented in the next section.

2.3. Non-equilibrium SMD

SMD runs were conducted to sample the transition paths of glycerol going from the
periplasm, through the conducting pore, to the cytoplasm, for computing the 3D PMF of
glycerol as a function of its COM position. Three sets of SMD simulations were completed
to achieve reliable statistics. (The details are given in the supplemental Figs. S2 to S4.) In
each set of SMD, the starting structure is the fully equilibrated structure of Sysl. The center
of mass of a glycerol was steered/pulled in the positive zdirection to sample a forward
pulling path, and then pulled in the negative zdirection to sample a reverse pulling path. In
Set #1 and Set #2, the entire path leading from the periplasm, through the GIpF pore, to the
cytoplasm bulk region, was divided into four sections: one section in the periplasm, one
section in the cytoplasm, and two sections in the single-file region of the conducting pore. In
Set #3, the path through the conducting pore was divided into 19 sections, each 1 A in
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width. Four forward paths and four reverse paths were sampled in each section of Set #1 and
the same were done in Set #2. Ten forward paths and ten reverse paths were sampled in each
section of Set #3. In all three sets, 4 ns equilibration was performed at both end points of
each section so that the pulling paths were sampled between equilibrium states with the
glycerol's center-of-mass coordinates being fixed at desired values. And, in all cases, the
pulling speed was v = 2.5 A/ns. It should be noted that the pulling of glycerol's COM was
implemented in the single-file vs non-single-file regions with one subtle but important
difference: In the single-file region inside the conducting pore, the z-coordinate of the
glycerol COM was advanced with the constant velocity given above while the x- and y-
coordinates were not pulled. The x- and y~degrees of freedom obey the system's dynamics.
Thus the x- and y-coordinates fluctuates around the potential energy minimum on the xy-
plane at a given z-coordinate. The COM of glycerol approximately follows the most
probable path as it is pulled in the z-direction. In the non-single-file regions from the
channel entry vestibule to the periplasm bulk and from the channel exit to the cytoplasm
bulk, the z-coordinate was advanced in the same manner as in the single-file region but the
Xx- and y~degrees of freedom were not left uncontrolled. They were, instead, fixed to their
constant values respectively. Otherwise, the glycerol would certainly wander away from the
channel axis [43,44].

Along each forward pulling path from A to B, the work done to system was recorded as

W zwhen glycerol was pulled from A to Z. Along each reverse pulling path from B to A,
the work done to system was recorded as Wg—, »when glycerol was pulled from B to Z.
Here Z represents a state of the system when the COM z-coordinate of the pulled glycerol is
z. A and B represent two end states of a given section, respectively. The 1D PMF of
glycerol, G;p(2), when its center of mass is at a given coordinate z, can be computed
through the Brownian dynamics fluctuation-dissipation theorem (BD-FDT) as follows
[27,37]:

(exp[-W,_,/2k, T])F
(exp[-W,_,/2k,T])

GII)(Z) - GII)(ZA ): - kBTln( -

R
Here W, 4= Wg_.4- Wpg_,~is the work done to the system for the part of a reverse path
when the glycerol was pulled from Z to A. kg is the Boltzmann constant and 7 is the
absolute temperature. z4 and zg are the z-coordinates of the COM of the pulled glycerol at
the end states A and B of the system, respectively. The 3D PMF of glycerol, Gsp(x,y,2),
when its center of mass is at a given position (x,});2), can also be computed with BD-FDT:

G ( )G ( = —kT1 (exp[-W,_,/2k,TT),

¥, 2) — S VarZa)= — n
X% ), 2 30X Yar 2y B (exp[_WZﬁA/szTDR 2
when the pulling are conducted along a straight line or a fixed curve. Note that only the =
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.

2.4. 3D PMF to 1D PMF

From the 3D PMF, one can calculate the 1D PMF as follows:[43,44]
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G,(@)= — k,TIn ( [dxdyexp[—G,, (x.y.2)/ky T1/Arer.) o
=G,,(x"(2),¥*(2), 2) — k; TIn(A(2)/Aret.)-
where A, and A(z) are, respectively, the area for reference and the area occupied by the
center of mass of glycerol on the plane of a given z-coordinate. x* (2) and y * (2) are the
median coordinates of integration on the same plane. The second term of the second line of
Eq. (3) is the entropic penalty. This term is proportional to the temperature. It does modify
the overall rate of transport but does not alter the Arrhenius activation barrier. Inside the
single file region (z1<z<z,), the median coordinates of integration x* (2) and y* (2) are
equal to the coordinates of the minimum of the 3D PMF on the xy~plane, assuming Gaussian
approximation. The boundaries of the single-file region are chosen as z; ~ -7.5A and z, ~
11.5 A respectively. The pore radius is approximately 2 A at both boundaries (Fig. 2).
Taking Aret. as A(21), we have the following approximation for the 3D PMF along the most
probable path,

G, (x"(2),¥"(2),2)=G ,(2)+k, TIn(A(2) /A(z1)) (4)

where the area ratio can be evaluated by computing the determinant of the variance matrix
of the COM x- and y-~coordinates of the glycerol,

1/2

] ©)

Here 8x= x— x* (2) and 6= y— y* (2) 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. Within the margin of error,

<6x2 >Z (6x6y),

<6x2 >Z] (6x0y),,
@xy),  (857),

|/ (5x6y)., <6y2>z1

A(2)/A(zy )=(

GSD(x*(Z)v y*(Z)’ Z) = GID(Z)‘ (6)

Note that the pore radius of the GIpF channel varies between 1.5 A and 2.5 A.
Approximating the area as proportional to the square of the pore radius, we have

—0.35 kcal/mol<k, TIn[ A(z)/A(z1)]<0.27 kecal /mol for z1<z<z2. (7)

The difference between the 3D and 1D PMFs is smaller than the error bar.

2.5. Computing the dissociation constant

Following Ref. 43, we have the binding constant.

co/ka=co fff dxdydzexp[ -G, [x,y,2]/k;T]
where glycerol

blocks channel (8)
14.5

=coA(z1) [ dzexp[-G,,[2]l/k,T].
=15
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In Eq. (8), ¢ = 1M=6.02 x 1074A=3 is the standard concentration. k,is the dissociation
constant. The PMF in the bulk is chosen to be zero. The integration is over the region of (-
7.5 A < z<14.5 A) where the presence of a glycerol actually occludes the channel for water
permeation.

2.6. Accuracy confirmed with ABF approach

In order to ascertain the accuracy of the PMF determined in the BD-FDT approach, | applied
the mature ABF method [24,38] to obtained 1D PMF in two 1 A-wide windows (- 5.5 A < z
<-45Aand-45A<2z<-35A). A20ns MD run and a 90 ns MD run were carried out
for the two windows respectively so that convergence was achieved in each window. (The
results are shown in the supplemental Figs. S5 and S6 respectively.) These confirm the
accuracy of the chemical-potential profile in Fig. 2. Note that the ABF method, an
equilibrium sampling approach, is distinctive in nature from the BD-FDT, a non-equilibrium
sampling method. Yet, the two approaches produced identical results when long enough MD
runs were conducted.

2.7. Non-equilibrium MD under pressure gradients

All the conditions were identical to the equilibrium MD runs of Sysl except that the waters
(not glycerols) within the conducting pore were subject to a constant force acting on their
centers of mass. Those waters have their coordinates within the following range:

8 A< x]<20 ;\,8;\<|y|<20 A |2 <104. @

Starting from the end state of the equilibrium MD run of Sysl, a 4 ns run was conducted
under the afore-described force in the zdirection and the same was done for the negative z
direction.

3. Results and discussion

3.1. Chemical-potential profile of glycerol

Shown in Fig. 2 is the 3D PMF of glycerol as a function of its COM position along a path
leading from the periplasm to the entry vestibule of GIpF, through the channel, to the
cytoplasm. Inside the channel, waters and glycerols line up in a single file, occluding one
another from occupying the same z-coordinate. Outside the channel, farther away from the
protein, there is more and more space for multiple waters and glycerols to occupy the same
z-coordinate. In the single-file region, the 3D PMF is approximately along the most probable
path (minimal free-energy path, plotted in red in Fig. 2). In the non-single-file regions, the
chemical potential curves (green) in Fig. 2 are along two straight lines leading from the
periplasm to the channel entrance and from the channel exit to the cytoplasm. Integrating the
3D PMF over the channel space [43], we obtain the dissociation constant of glycerol from
GIpF as ky=1/[I] axdyadz exp[-Gsp(X.y.2)kgT] ~ 351 wM. It should be emphasized that the
binding site is in the single-file region. Therefore, water permeation through GIpF is
modulated by the glycerol concentration in the uM range because a glycerol bound inside
GIpF occludes the conducting channel. The inhibitory concentration at half maximum (ICsgq)
is approximately 351 pM. Direct validation of this theory will require 7 vitro measurements
of the dissociation constant of the glycerol-GlpF complex, which is currently unavailable in
the literature. However, there are /n vitro data available that validate the biophysical
implications of this theory. Discussed below are six implications of the 3D PMF profile
given in Fig. 2.
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3.1.1. First, binding sites of glycerol in GIpF's pore—The 3D PMF landscape (Fig.
2, top panel) corresponds well with the pore radius of GIpF along the channel (Fig. 2, middle
and bottom panels). Where there is a maximum in pore radius, there is a minimum in
chemical potential. There are three chemical-potential minima in the single-file region—one
in the SF region and two in the NPA region. The locations of these minima are in agreement
of the structural studies of GlpF that show a glycerol at the SF and another at the NPA
[17,18]. The two minima near the NPA are both far below the bulk chemical-potential level
(< = 5 kcal/mol). They are separated from one another by a very low barrier (<3 kcal/mol)
and, therefore, a glycerol bound inside the GIpF pore can traverse the region of 2 A < z< 7
A rather freely. The minimum at the SF (z= -4 A) is above the bulk chemical-potential
level and it is rather shallow. The barrier separating this minimum from the periplasm is
only 2.5 kcal/mol. Dissociation of a glycerol bound at the SF is expected to be within
nanoseconds and, indeed, it was observed so in the equilibrium MD simulation. It should be
noted that [21] already gave a PMF curve with minima at the SF and NPA that correspond to
the binding sites of glycerol determined in the structural study of [17]. However, in terms of
glycerol modulating water permeation, the 1Csq based on their PMF curve would be 24 mM,
which is inconsistent with the /in vitro study of [13] that the presence of up to 100 mM
glycerol did not affect the kinetics of water transport.

3.1.2. Second, activation barrier for glycerol permeation—The glycerol
permeation rate was measured at multiple temperatures that gave an Arrhenius activation
barrier of 9.6 + 1.5 kcal/mol [13]. This corresponds precisely to the chemical-potential
barrier at the SF that is 10.1 + 1.2 kcal/mol above the bottom of the chemical-potential well
near the NPA. It should be noted that the agreement between this theoretical result and the /n
vitro data comes directly, without any adjustments, from the /in silico experiments based on
the all-atom CHARMM36 force field [40]. Earlier, [21] and [24] also produced similar
activation barriers for glycerol permeation in their /n sifico studies. Interestingly, the
Plasmodium falciparum aquaporin (PfAQP) was found to have a similar activation barrier
for glycerol transport[45].

3.1.3. Third, activation barrier for water permeation—In the bound state, a glycerol
molecule resides in the single-file region, deep inside GIpF's conducting channel, occluding
waters or other glycerols from traversing the channel. When the glycerol concentration is in
the mM range (far above the dissociation constant, 351 M), the GIpF pore is practically
saturated with glycerol. Water permeation is fully correlated with the glycerol dissociation.
Therefore, the Arrhenius barrier for water permeation through GIpF at mM glycerol
concentrations is no less than the activation barrier for glycerol dissociation to the cytoplasm
(6.5 kcal/mol). This theoretical result of the activation barrier is in agreement with the in
vitro data of 7 kcal/mol derived from measurements of the water permeation rates at
multiple temperatures [13] if one assumes that the glycerol concentration in the in vitro
experiments was significantly higher than the I1Csq of 351 wM. Indeed, glycerol was used in
the experiments of [13]. The 0 mM end of their glycerol concentration range (up to 100
mM) can be higher than 351 M. At 0 .M glycerol concentration, GIpF's conducting pore
will be glycerol-free. The PMF of water permeation was determined to be flat throughout

the open channel, having a low Arrhenius barrier, £9<4 kcal/mol [20,27,31], similar to that
of AQPZ [14].

3.1.4. Fourth, water permeation rates through glycerol-free vs. glycerol-
saturated GlpF—/n vitro experiments demonstrated that the water permeation rate in the
range of glycerol concentration up to 100 mM was much lower than the water-specific
aquaporins (including AQPZ) [13,14,30], but theoretical studies showed that the rate of
water permeation through GIpF in absence of glycerols is similar to or greater than through
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AQPZ [23,31]. This puzzling point actually serves to validate our theory: Water permeation
through glycerol-bound GlpF is much slower than through apo GIpF because a glycerol
bound inside GIpF's conducting channel occludes waters and the dissociation of this bound
glycerol is a much slower process than that of a water traversing the glycerol-free channel of
GIpF. However, as pointed out in Refs. [23,31], the permeation rate measurements are
directly related to the reconstitution efficiencies in experiments that are often difficult to
control [14]. In contrast, the Arrhenius activation barrier is independent of the reconstitution
efficiency. Agreement between its theoretical value and the in vitro results gives a higher
degree of certainty than comparing the permeation rate values. Nevertheless, | conducted
two equilibrium MD simulations of 100 ns each to compute the rates of water permeation
through GlpF with 0 M and 14 mM glycerol concentrations, respectively. The osmotic
permeability of water at 0 M glycerol concentration was computed to be (11 £+ 1) x
10~14cm?3/s, which is in agreement with other MD studies in the current literature [23]. And
the osmotic permeability at 14 mM glycerol concentration was found to be (1.5 £0.2) x
10~14cm3/s, which is consistent with the in vitro findings [16], assuming that the glycerol
concentration in their experiments was much higher than the 1C5q of 351 LM based on their
use of glycerol during the experiments.

3.1.5. Fifth, concentration-dependence—There is currently no /n vitro data of the
water permeation rate in the M range of glycerol concentration. Functional experiments in
this concentration range are expected to demonstrate significant variation in the water
permeation rate from the glycerol-free limit to the glycerol-saturated limit.

3.1.6. Sixth, direction-dependence of water permeation—The glycerol PMF
landscape is asymmetrical between the cytoplasmic and the periplasmic sides. This does not
mean that there is asymmetry in glycerol transport [22] but it may imply that high glycerol
concentrations can make water permeation through GlpF direction-dependent: Permeation
from the periplasm to the cytoplasm has an Arrhenius activation barrier of 6.5 kcal/mol
while permeation from the cytoplasm to the periplasm has a barrier of 10.1 kcal/mol. A
glycerol molecule bound inside the GIpF practically occludes water permeation from the
cytoplasm to the periplasm, making water permeation through saturated GlpF directional. In
order to explicitly test this possibility, | conducted two nonequilibrium MD simulations of
Sysl in which the waters in and within the vicinity of the conducting pore are subject to a
pressure gradient. Under a pressure-induced force field of 0.01 kcal/mol.A.amu in the
positive z-direction, water permeation flow was observed at 50 events/ns, on the average,
through each channel. Under the force field of the same magnitude but in the negative
direction, no water permeation events were observed within 4 ns. It should be pointed out
that these two nonequilibrium MD simulations cannot be taken as quantitatively accurate
because the applied pressure is many orders of magnitude above a realistic osmotic pressure
in a biological system. However, they may correctly point to the asymmetry of water
permeation at high glycerol concentrations. Another point worth noting is that an imbalance
in glycerol concentrations between the periplasm and the cytoplasm may have measurable
effects on the water permeation through GlpF as well.

3.2. Relevant interactions

Now, what interactions are responsible for the 3D PMF map shown in Fig. 2? Full
understanding has been achieved in regards to the hydrogen-bonding of glycerol/water to the
luminal atoms of GlpF throughout its amphipathic pore [17,20,21]. These interactions do not
give rise to high barriers or deep wells because the number of hydrogen bonds that a
glycerol/water can form with GlpF does not vary drastically with its location throughout the
conducting channel. However, the dimension of the conducting pore is not uniform (Fig. 2,
middle panel). The narrowest part of the channel is in the SF region, and another narrow part
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is between the NPA motifs and the channel exit on the cytoplasmic side. In the region
around the NPA motifs, the channel is still single-file in nature but wider than the two
narrow regions. Interestingly enough, even the narrowest part of the GlpF channel (3.2 A in
diameter) is wider than the diameter of a water molecule (3 A). Water can traverse the entire
channel without causing structural distortions to the protein. Permeation of water, in the
absence of glycerols, is dominated by the hydrogen-bonding interactions among waters and
with the luminal atoms. In contrast, the size of a glycerol molecule is 3.6 A in the least
extended dimension. It cannot traverse the GIpF pore as freely as a water molecule can. In
fact, it is the close contact between a glycerol molecule and the GIpF lumen that gives rise to
the chemical-potential profile shown in Fig. 2. The width of the pore turns out to be such
that the van der Waals (VDW) forces on the glycerol by the surrounding residues are all
attractive in the NPA region, causing the PMF there to be lower than the bulk level.

Fig. 3(A) shows that, when a glycerol is in the SF region (z = -3.1A), the narrowest part of
the GIpF channel, four residues (Trp 48, Gly 199, Phe 200, and Arg 206) are within the
repulsive range (less than 2 A) of the glycerol. The VDW interactions between these four
residues and the glycerol are repulsive, leading to the peak of the VDW energy around z=
-3 A shown in Fig. 3(D).

Fig. 3(B) shows that, when a glycerol is near the NPA motifs (z = 4.0A), the widest part of
the GIpF channel, there are eight residues (Leu 21, Val 52, Leu 67, Ash 68, Leu 159, lle
187, Met 202, and Asn 203) in the attractive range (between 2 A and 3 A) of the glycerol.
The attractive VDW interactions between these residues and the glycerol are responsible for
the minimum of the VDW energy in the NPA region shown in Fig. 3(D), which ultimately
leads to the chemical-potential well in Fig. 2.

Fig. 3(C) shows that, when a glycerol is located in between the NPA and the pore exit (z=
10 A), the other narrow part of the GIpF channel, there are three residues (Ala 65, His 66,
and Leu 67) in the repulsive range (less than 2 A) of the glycerol. The repulsive VDW
interactions between these three residues and the glycerol are weaker than when the glycerol
is located near the SF. They show up in Fig. 3(D) as a barrier albeit lower than the one at the
SF, and they are ultimately responsible for the barrier in the chemical-potential profile on
the cytoplasmic side of the NPA (Fig. 2).

Fig. 3(E) shows the dihedral energy of glycerol as a function of its center-of-mass -
coordinate. Fig. 3(F) and (G) shows the root-mean square deviations of the afore-listed
residues from their apo, equilibrium position as functions of the glycerol's center-of-mass z
coordinate. Among the three groups of residues, only the SF-forming residues (Fig. 3(A))
deviate significantly from their apo, equilibrium positions when the glycerol passes by there.

All the factors shown in Fig. 3 combine to demonstrate that the bound state of a glycerol
deep inside the GlpF channel owes its existence to the attractive VDW interactions between
glycerol and the residues near the NPA motifs. The two chemical-potential barriers result
mainly from the repulsive VDW forces on the glycerol by the residues in the two narrow
parts of the GlpF channel. The barrier at the SF also has significant contributions from the
conformational changes of the SF-forming residues caused by the presence of the glycerol
and from the conformational changes of the glycerol itself.

4. Conclusions

Based on the existent /n vitro experiments and the 3D PMF mapped out in the present study,
it is logical to suggest that glycerol bound inside GlpF's conducting channel modulates water
permeation through its amphipathic pore. This mechanism explains why GlpF's water-
permeability is significantly lower than the water-specific aquaporins and why water
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permeation has a large Arrhenius activation barrier when the glycerol concentration is in the
mM range. As an addition to the science of hydrogen-bonding of waters and glycerols in the
conducting pore, this study demonstrates that the van der Waals interactions between the
GlpF and a glycerol play a distinctive biological role. The size of the conducting pore is
such that a region exists near the NPA motifs where the VDW interactions between the GlpF
and a glycerol are attractive. This precise steric arrangement of GIpF causes the glycerol's
chemical potential there to be lower than its bulk level and, therefore, a bound state of
glycerol exists deep inside the single-file channel. Finally, it is noted that the 1Csq of 351
KM is a theoretical estimate which was not directly simulated in this /n sifico study. 1t needs
to be validated with in vitro experiments of measuring the glycerol dissociation constant
from GIpF which are not yet available in the current literature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

All-atom model of GIpF in the cell membrane. The system is 114 A x 115 A x 112 A'in
dimension. Visible in the left panel are waters (in licorice representation), lipids (licorice),
ions (vdw), and one glycerol (vdw). Shown in the right panel are the GIpF tetramer (in
cartoon representation, colored by segname), lipids (licorice), and glycerols (vdw). All
except GIpF are colored by element name. Graphics rendered with VMD [46].
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Fig. 2.

The chemical potential (3D PMF) of glycerol as a function of its center-of-mass 2
coordinate (top panel) where the error bars indicate standard deviation (SD). The pore radius
of GIpF crystals (middle panel) from the RCSB Protein Data Bank whose access codes are
as shown. The SF region is around z= -3 A and the NPA motifs are located around z= 4 A.
The bottom panel illustrates the protein structure (in ribbons, colored with residue type) and
the conducting pore of GIpF. Protein structure rendered with VMD [46] and pore radius with
HOLE?2 [47].
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Fig. 3.

The glycerol-GlpF VDW interactions. Top panel, a protomer (in ribbons, colored with
residue type) and the glycerol (in vdw, colored with atom name) whose center of mass is
located at (A) z=-3.1 A, (B)z=4.0 A, and (C) z = 10 A respectively. The orientations of
the protein are illustrated with the direction of the z-axis pointing (A) into the plane, (B)
slanted, and (C) out of the plane. Also shown in the top panel are the relevant residues (in
vdw, colored with residue type): (A) Trp 48, Gly 199, Phe 200, and Arg 206 that are in the
repulsive range (less than 2 A) of glycerol, (B) Leu 21, Val 52, Leu 67, Asn 68, Leu 159, lle
187, Met 202, and Asn 203 that are in the attractive range (between 2 A and 3 A) of
glycerol, and (C) Ala 65, His 66, and Leu 67 that are in the repulsive range (less than 2 A) of
glycerol. (D) The VDW interaction between a glycerol molecule and GlpF throughout the
permeation pore. (E) The di-hedral energy of glycerol as a function of its center-of-mass z-
coordinate. (F) The RMSD of selected residues shown in (A) as a function of the glycerol's
center-of-mass z-coordinate. (G) The same for the residues shown in (B) and (C),
respectively. Protein structures rendered with VMD [46].
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