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Abstract 

The aim of this work is to determine plausible values for the rate constants of kinetic models representing water transport through 
narrow pores. We present here the results of molecular dynamics simulations of the movement of water molecules through a single-site 
hydrophilic pore. The system consists of a rectangular box of water molecules, some of which are positionally restrained so as to act as a 
membrane. This membrane separates two compartments where water molecules move freely; one of the positions in the membrane is 
initially vacant ( the 'single-site pore'), but can be occupied by mobile molecules. To analyze the results, we represented the pore by a 
two-state kinetic diagram in which the vacant and occupied states are linked by transitions corresponding to the binding and release of 
water molecules. The mean occupancy and vacancy times directly yield the rate constants of binding and release, which in turn yield the 
osmotic water permeability coefficient per pore pf. We also compute the apparent activation energies A E  + for the rate constants and for 
p,.. The p,. value was (1.56 + 0.04). 10 ~ cm3/s (at 307 K), which is much larger than those determined for CHIP28 and for gramicidin 
A (of about 10 ,3 and 10-~4 c m 3 / s ,  respectively). These values were compared with those arising from a model of a symmetric 
single-file pore through which one-vacancy-mediated water transport takes place. The model yields an expression for p,. as a function of 
the rate constants and of the number of molecular positions (n) in the file. When n = 1, this expression becomes the one corresponding to 
the single-site pore studied in our current simulation. Using the rate constants of binding and release derived from our simulation, the p,. 
values are consistent with an occupancy value of 5-6 found for gramicidin A, and with occupancies of 4-7 that can be estimated for the 
single-file pore of a recently proposed model for CHIP28. A E  * for p,. is 3.0 kcal/mol, a value similar to that determined for CHIP28. 
Hence, the system simulated here appears plausible and can be used to mimic some physical properties of water transport through 
biological pores. 
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1. Introduct ion 

The single-file mechanism has been diversely employed 
in theoretical models to interpret ionic conductance [1-3] 
and water permeability [4-9], and in molecular dynamics 
simulations [10-13] of narrow pores. Theoretical analysis 

of molecular models of single-file transport use kinetic, 
thermodynamic or dynamic formalisms, and yield expres- 
sions for the permeability coefficients for water. However, 
this analysis necessarily assumes a particular physical 
model for the transport process, the plausibility of which 
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cannot be determined by the analysis per se. Computer 
simulations of the molecular dynamics of transport through 
membrane pores provide numerical results with which the 
applicability of the model can be evaluated, but no analyti- 

cal expressions to describe general properties. In part due 
to these methodological particularities, the molecular na- 
ture of the processes of water movement inside narrow 
pores still remains unresolved [9,11]. Hence, a combination 
of these two approaches may contribute to clarify the 
subject. 

In previous work, we developed kinetic models to 
describe pore-mediated water transport [7-9]. Our present 
work intends to determine plausible numerical values for 
the rate constants governing this class of models. For this, 
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we study a 'complete' system of water permeation consist- 
ing of two aqueous compartments separated by a mem- 
brane containing a hydrophilic pore. This paper deals with 
the simplest arrangement conceivable, namely, a single-oc- 
cupancy pore. 

To this end, we apply a combination of (a) molecular 
dynamics simulation of water transport and (b) kinetic 
analysis of the simulated system. We examine the ex- 
change of molecules between two identical compartments 
containing only water molecules and separated by a mem- 
brane which has a single-occupancy hydrophilic pore. 
Throughout the simulation, the 'pore' can either be occu- 
pied by a water molecule, or vacant; we obtained the mean 
times of the occupied and vacant states at different temper- 
atures. The simulation was described by a two-state kinetic 
diagram (Appendix A). We derived from it an expression 
for the permeability coefficient as a function of the rate 
constants; these were determined from the mean times for 
the occupied and vacant states. The activation energy for 
the osmotic permeability coefficient found here is similar 
to the one previously determined for CHIP28 [14,15]. 
Furthermore, the osmotic permeability coefficient obtained 
here is consistent with values derived from theoretical 
analysis of single-file transport applied to our simulation 
and to CHIP28 and gramicidin A (Appendix B). These 
studies have been presented in preliminary form at the 
39th Annual Meeting of the U.S. Biophysical Society 
(1995). 

2. Methods 

Molecular dynamics simulations were performed using 
a modified version of the GROMOS package [ 16] in which 
the equation of motion was integrated using a leapfrog 
algorithm. The simulation box was rectangular; its initial 
dimensions were 4 .243x 1.470X 1.153 nm, with its 
longest side along the x-axis. About halfway along the x 
axis a roughly monomolecular water layer was located 
('the membrane'), and was arranged in an expanded ice Ih 
structure so as to present a hydrophilic surface with a 
regular distribution of hydrogen-bonding sites. The oxy- 
gen-oxygen distance was chosen as 0.290 nm (in contrast 
to the 0.270 nm of ice Ih) to match the water structure. 
This choice was based on suggestions that biological mem- 
branes may have H-bonding sites distributed so as to 
match the average structure of the surrounding water 
[ 17,18]. These water molecules (except one) were position- 
ally restrained with a harmonic potential. As a conse- 
quence, during simulation these molecules could vibrate 
around their position but could not leave their place. One 
molecule in the middle of this 'membrane' was left unre- 
strained, thereby generating a one-site hydrophilic pore in 
it. The rest of the box was filled randomly with water 
molecules. 

Periodic boundary conditions were applied along all 
box faces; as a consequence, the two regions separated by 

the membrane were connected through periodicity re- 
straints, so that exactly the same conditions applied to 
both. Fig. I A shows a scheme of the simulation box. 

In GROMOS the pressure is controlled by coupling the 
system to a hydrostatic bath. As the simulation develops, 
the positions of the walls of the box and the atomic 
coordinates of the water molecules are adjusted to preserve 
the internal pressure close to the reference pressure se- 
lected. A relaxation parameter is imposed to avoid instabil- 
ity. In our case we did not want to change the membrane 
lattice dimensions, so only the walls perpendicular to the 
x-axis were moved. Such anisotropic adjustment may pro- 
duce some undesired pressure effects, but in any case these 
will disappear when the system reaches equilibrium. The 
reference pressure was selected as 101 325 Pa (1 atm). By 
coupling the system to a thermal bath, the temperature was 
controlled, which allowed the running of simulations at 
different temperatures. The details of the algorithm imple- 
mented in GROMOS to handle constant pressure and 
constant temperature have been priorly described [19]. 

Water was modeled with the SPC/E  model [20,19]. 
SPC/E water, besides its computational merit, accounts 
for many properties of liquid water. Particularly relevant to 
our case is the fact that SPC/E reproduces the self diffu- 
sion coefficient and density much better than most of the 
models devised for liquid water [21]. The SPC/E  water 
model has bond lengths and bond angles which are rigid. 
They were fixed using the procedure SHAKE [22] imple- 
mented in GROMOS. 

A total number of 180 water molecules were included 
in the box, of which 17 were immobilized to form the 
membrane described above. For each temperature the sys- 
tem was allowed to equilibrate for 20 ps, which is far more 
than necessary to reach equilibrium. Since a constant-tem- 
perature constant-pressure algorithm is no longer conserva- 
tive, total energy is not always conserved. However, when 
the system is in equilibrium the only possible exchange of 
energy would arise from numerical artifacts. Therefore, it 
was possible to check for equilibrium by monitoring the 
constancy of the total energy and of the box volume. 

At each selected temperature the system was run for 
100 ps after the equilibration period, using a time step of 1 
fs. Trajectories were collected each time step for further 
analysis. The state of the site was ascertained after each 
step; molecules were taken to occupy the site if the center 
of their oxygens fell within a sphere of 0.2 nm diameter 
centered in the position of the center of the oxygen atom 
of the only molecule that had been left unrestrained among 
those in the membrane. 

2.1. Kine t ic  m ode l s  

The simulation results were analyzed employing a ki- 
netic model of a single site pore (Fig. IB). We describe the 
details of the kinetic treatment in Appendix A. We subse- 
quently derive a general expression for the osmotic perme- 
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ability coefficient of a single-file symmetric pore in Ap- 
pendix B. 

3. Results 

Using the trajectories, we monitored whether the site 
was occupied or vacant. By an appropriate housekeeping 
procedure, the average time for each state was recorded. If 
the sampling time had been longer than the shortest occu- 
pancy (or vacancy) times, the computed residency times 
would have been incorrect. Therefore, we obtained a series 

of preliminary runs using different sampling times. We 
found that 1 fs was short enough to avoid such shortcom- 
ings at the highest temperature studied, and used that as 
our sampling interval. 

Fig. 2 shows histograms of the distributions of occu- 
pancy times at 307.05 and 356.16 K. As shown there, the 
distributions can be fitted by single exponentials, as is 
characteristic of a Markovian process [23-26]. To obtain 
an estimate of the errors for the mean occupancy and 
vacancy times, we first computed the overall average times 

fo r  the entire data set from a 100 ps run, and then 
subdivided such run into 50 subsets of 2 ps each, and 

B W 
A 

V © 

Fig. 1. (A) View of the three-dimensional arrangement of water molecules in the simulation box at a given time. The molecules immobilized and forming 
part of the 'ice-water' membrane are highlighted. (B) Kinetic model corresponding to the simulation. See Appendix A for the meaning of the symbols. 
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Fig. 2. Histogram depicting the distribution of the occupancy times at the 
two temperatures given. The abscissa (x )  represents the duration of time 
intervals (bin size: 75 fs) for which the pore was occupied, and the 
ordinate (y)  the frequency of occupation events. As stated in the text, 
runs lasted 100 ps and time steps were 1 fs. The mean values ( ( r ) )  
reported for each temperature in the text result from: ( r ) =  F~xy/~y. 
Here and in Fig. 3, the errors are calculated as detailed in the text. 

T (deg K) 
356.2 327.1 307.1 286.6 

-5.0 

-5.5 

-6.0 

-6.5 ¸ 

-7.0 

83.0 54.0 33.9 13.5 
T (deg C) 

RT (Kcal/mol) ~ [] 
0.707 0.650 0.610 0,569 

0.0028 0.0030 0.0032 0.0034 0.0036 
1/T (deg K "1) 

Fig. 4. The logarithm of the inverse of the mean occupancy and vacancy 
times versus the inverse of the temperature (Arrhenius plot). The top axis 
labels are corresponding Kelvin and Celsius values. Values by the bottom 
axis represent the energy of thermal agitation at the experimental temper- 
atures sampled. The activation energies given correspond to the slopes 
indicated (slope X R). 

obtained the average times for each subset. Since by the 
Central Limit Theorem the subset averages are expected to 
follow a Gaussian distribution [27], these averages together 
with the overall average were used to determine the stan- 
dard deviations of the overall means. 

Fig. 3 shows stacked columns representing the average 
vacancy and occupation times plotted against absolute 
temperature. Both times decrease with increasing tempera- 
ture, but the decrease in vacancy times is much more 
pronounced. 

In Fig. 4, the data of Fig. 3 are plotted as logarithms of 
the inverse of average vacancy and occupation times against 
the inverse of absolute temperature. Linear fits are shown. 

According to the kinetic model described in detail in 

Appendix A, the unitary osmotic permeability for the 
single-site pore considered here is given by Eq. (A7): 

( Pf )eq  = r b / ( 2 (  r 4- b w ) )  

where (pf)eq is the equilibrium permeability per pore, r is 
the release constant, b is the binding constant, and w is the 
solvent activity (55.55 mol/1), as detailed in Appendix A. 
Table 1 shows the values for the permeability and rate 
constants at different temperatures. 

Fig. 5 shows the logarithm of the permeability plotted 
against the inverse of absolute temperature. From this 
Arrhenius plot, we obtain for the activation energy a value 
of (slope times gas constant R): 

AE~*~ = 3.0 kcal/mol 
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Fig. 3. Mean vacancy and occupancy times stacked in columns at four 
different temperatures. 

4. Discussion 

4.1. The single:file model for water transport through 
biological pores 

The system best characterized for theoretical and exper- 
imental studies on ionic and water movements through 

Table 1 
Permeability and rate constant values at different temperatures 

Temper- Binding constant Release constant Unitary osmotic 
ature b (10 J3 cm3 /  r (10 i2 S- i) permeability PI 
(K) (mol s)) (10- i r  cm ~ s - I )  

286.610 2.068__+0.032 3.949+0.118 1.335+0.055 
307.050 2.393+0.037 4.733+0.079 1.557+0.041 
327.110 3.336_____0.068 4.875+0.131 2.014±0.079 
356.160 7.355+0.191 6.400_____0.213 3.741 +0.179 
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Fig. 5. Arrhenius plot of the unitary osmotic permeability values. Other 
details as in Fig. 4. 

channels of molecular dimensions across lipid bilayer 
membranes is the pore formed by the antibiotic polypep- 
tide gramicidin A (for reviews, see [28,29]). Structural 
evidence [28,30] shows that the gramicidin A pores have a 
narrow diameter uniform along their length, which sug- 
gests the presence of a single file of molecules in the pore. 
The values reported for the osmotic permeability coeffi- 
cient of gramicidin A (per pore) range from 6.  10 -14 

cm3/s [31] to 1-10 -14 cm3/s [32], as discussed by 
Finkelstein ([28], p. 139). 

In many types of cells, water movement across their 
plasma membranes takes place through integral proteins. 
The most representative of such proteins are the erythro- 
cyte CHIP28 water channel protein [33] and other water 
channel members of the MIP family [34-37]. Several other 
integral membrane proteins have also been demonstrated 
to constitute, albeit to a lesser degree, sites of transmem- 
brane water transport [38-42]. For CHIP28 protein 
molecules reconstituted into liposomes, their unitary os- 
motic permeability coefficient is about 10-L3 cm3/s [14]. 
To be noted, kidney and erythrocyte water channel 
monomers have been shown to form functional water 
channels [15,43-45]. Water channel proteins have been 
classically assumed to conform to a single-file model of 
water transport [28,46]. This presumption appears logical, 
since water channel proteins are very specific for water 
[46], and a pore diameter that would allow the permeation 
of molecules larger than water would make such speci- 
ficity difficult to explain. Except for the case of gramicidin 
A, there is still no structural evidence to support the 
single-file model for water channel membrane proteins. A 
structural model has recently been proposed for proteins 
belonging to the MIP family by using predictive computa- 
tional algorithms [47]. According to such model, water 
channels may resemble porins, for which the channel 
region is formed by the inside of a transmembrane /3-bar- 
rel, and is narrowed by a loop that winds its way into the 
pore ('restricted pore' model). In another conception [48], 

water channels would consist of transmembrane helices 
joined by relatively long loops that would impart the 
arrangement the cross section of an hourglass. In both 
models, the idealized water pore would hence consist of 
two relatively wide segments in free communication with 
the surrounding environments connected by a narrower 
region through which water movements would be con- 
strained. We propose that water might move in single file 
through such constriction; of course, the single-file zone 
could include more than one occupancy site for water 
molecules. Using porins for an estimate (Van der Waals 
barrel inside diameter 15-25 ,~), the wide segments would 
be relatively large. Again for porins, its loop L3 restricts 
its diameter and contributes to delimit a pore. According to 
molecular dynamics simulations, such loop has flexible 
zones that allow it to display mobility high enough to close 
the pore [49,50]; in such context, the single-file zone and 
its occupancy modes might vary as the loop fluctuates. 

4.2. Theoretical interpretation of the numerical results 
obtained in the simulation 

As mentioned above, the value of the permeability 
coefficient obtained for the single-site pore in the present 
simulation is 2 and 3 orders of magnitude larger than those 
experimentally determined for CHIP28 and gramicidin A, 
respectively. Among other reasons, this difference may be 
explained by: (a) occupancy number, and (b) channel 
structure. 

4.2. I. Occupancy number 
Diverse theoretical analysis of single-file water trans- 

port [4,6,7] yield expressions for the permeability coeffi- 
cients. In every case, from such expressions, the perme- 
ability decreases with increasing pore length (or, equiva- 
lently, with the number of sites along the file). The extent 
of the decrease depends also on the molecular mechanism 
assumed for the transport process [7]. For the case of 
single-file transport under near-saturation conditions, ki- 
netic models yield expressions for the osmotic permeabil- 
ity coefficients as functions of the rate constants, the water 
activities in the compartments, and the number of positions 
in the file [7]. Fig. 6a shows a particular case of a 
single-file water pore in which transport occurs via a 
one-vacancy mechanism. For this symmetric pore, only 
three different rate constants govern transport. In Appendix 
B we derive an expression for the osmotic permeability 
coefficient pf corresponding to this case. In Fig. 6b we 
s h o w  p f  as a. function of the total number of molecular 
positions (n) in the file. The values for the rate constants 
of binding and release were those obtained with our molec- 
ular dynamics simulation; three arbitrary values of the rate 
constant of displacement between sequential positions in- 
side the pore were considered. In Fig. 6b, the value of Pr 
determined for n = 1 equals the one derived in the molecu- 
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Fig. 6. (a) Kinetic model of  one-vacancy-mediated transport of  water 
through a symmetric single-file pore, under equil ibrium conditions (WA = 
w8 = w). Open circles: water molecules; X: vacant positions. The punctu- 
ated line represents a linear sequence of transitions between one-vacancy 
states. Each transition is governed by the same rate constant (k) in either 
direction. (b) Plot of pf as a function of the number of positions n along 
the file, using Eq. (B2). For this plot, b = 2.4.1013 cm 3 mol - i  s i, 
r=4 .7-1012 s i and w=0 .055  mo l cm -3 (see also Table 1). 

lar dynamics simulation, thus validating the general ex- 
pression. Fig. 6b also highlights the possible regions of 
application of the analysis to pores of the type of CHIP28 
and gramicidin A. The gramicidin A pore has been vari- 
ously calculated to hold between 5 and 9 water molecules 
([28], pp. 140-142); our analysis is thus consistent with 
these estimates. Our analysis also suggests that the putative 
single-file pore in CHIP28 would contain at most 6 sites, a 
value consistent with proposed structural models (see 
above). If the single-file symmetric pore with a one- 
vacancy-mediated transport mechanism represents a good 
model for this type of water pores, and if the molecular 
dynamics simulation performed here yields plausible val- 
ues for the rate constants of binding and release to (from) 
the extreme positions of a water pore, Fig. 6b also predicts 
the range of the numerical values for the displacement rate 
constant. All the arguments in this section also lead us to 
propose that the single-site pore simulated here represents 
the case exhibiting the largest possible water permeability 
among narrow pores. 

4.2.2. Channel structure 
The physicochemical properties associated with the par- 

ticular structure of a given protein channel may contribute 
to determine its permeability coefficient. If this represents 
a significant factor, the simple hydrophilic pore model 
studied here may inform on some of the essential charac- 

teristics relevant to actual water transport through biologi- 
cal membrane pores, but would still require further modifi- 
cations to better mimic protein channels. Future work with 
progressively more complex simulation models may result 
in the information necessary to account for the character- 
istics of water passage through channel proteins. 

4.3. Activation energies of osmotic permeability coeffi- 
cients 

The overall activation energy determined here for pf is 
3.0 kcal/mol,  similar to the one determined for CHIP28 
[14,15,14,15]. Values of activation energy reported for 
water channels tend to fall at or below 4.6 kcal /mol  
(corresponding to water self-diffusion, [51], p. 21]); some 
examples: 3.2 kcal /mol  [52]; 2 kcal /mol  [53]; 2 -4  
kcal /mol  [54]. The similarity between such values and the 
activation energy found in our simulation further supports 
the plausibility of the model employed here. 
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Appendix A 

A. 1. Kinetic model of the molecular dynamics simulation 

A. 1.1. Relation between the mean occupancy and vacancy 
times, and the kinetic constants 

The model of Fig. 1B represents a simple kinetic de- 
scription of the molecular dynamics simulation performed 
here. The symbols used in what follows represent: 
NT: total mol of pores per unit area of the membrane 

(N T =- V+  O) 
V: mol of vacant pores per unit area of the membrane 
O: mol of occupied pores per unit area of the membrane 
WA: water activity in compartment A (tool/unit volume) 
wB: water activity in compartment B (mol/unit  volume) 
b: kinetic constant of binding of water molecules (Hz 

unit volume/mol)  
r: kinetic constant of release of water molecules (Hz) 
Jv: water volume flow (volume per unit time and unit 

a r e a )  

Vw: molar volume of water 
Pf: osmotic water permeability coefficient (length per 

unit time) 
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pf: unitary (per pore) osmotic water permeability coeffi- 
cient (volume per unit time) 

N: Avogadro's number 
As can be seen, we have assumed that a single kinetic 

constant of binding (release) determines the rate of 
molecule binding (release) from (to) any of the two com- 
partments. This assumption is supported by the symmetri- 
cal character of the simulation box. 

The net molar velocity v of the transition V ~  O is 
given by 

L' = b ( w  A + WB)V--  2rO (AI)  

For a system in equilibrium, w a = w  B = w  and L'=O. 
Therefore, from Eq. (A l), 

O / V  = b w / r  = Keq (A2) 

For the monomolecular case represented by Eq. (A2), it 
can be demonstrated that [55] 

r o = r  ' and~-v=(bw)  -1 (A3) 

where ~'o and r v are the mean times spent by the system 
in states O and V, respectively. Therefore, from Eq. (A3), 
determinations of ~'o, ~'v and w yield values for the 
kinetic constants b and r. 

A. 1.2. Osmotic permeability coefficient 
We use the algorithmic method developed by Hill [55] 

to derive a steady-state expression for the net water flux 
between the compartments. Since there is only one cycle, 
the following relations apply: 

V = NT(2 r / E )  

0 = U T b ( W  A - W B ) / E  

E is the sum of all the directional diagrams, given by: 

2 = 2r  + b ( w  a + wB) ( a4 )  

To calculate the net flux of water across the membrane, it 
is illustrative to redraw the kinetic scheme as: 

bw A V rO 
A ~ O ~ - B  

rO bWBV 

The net molar flux of water (say from A to B) per unit 
area MAB is then: 

MAB = bwg V--  rO = rO -- bwBV 

Using Eqs. (A4), we obtain: 

MAB = (( NTrb) / ~ ) (  w A - WB) (A5) 

As can be seen, the 'symmetrical' character of the pore 
with respect to the kinetic constants already implies the 
condition of detailed balance. 

Eq. (A5) can be rewritten as: 

MABV w =Y~ 

= ( (UTrb ) /Y ' . )Vw(W A - WB) = PfVw(w A - WB) 

Since N v = (number of pores / (N,  unit area)), the osmotic 
water permeability coefficient per pore is given by 

pf = Pf/(number of pores/unit area) = r b / ( N E )  (A6) 

For the particular case of equilibrium (w A = w a = w), pf 
becomes the 'equilibrium' permeability coefficient per pore 
(P f )eq '  given by 

( Pf)eq = r b / ( N ~ e q )  = r b / ( Z N (  r + b w ) )  (A7) 

Appendix B 

B. 1. Model o f  a symmetric single-file water pore 

Here we derive an expression for the steady-state os- 
motic permeability coefficient Pf corresponding to the 
pore model of Fig. 6a. The derivation can also be done 
from the expression for Pf from the general kinetic model 
of one-vacancy mediated water transport through a single- 
file pore [7]. Again, we employ the diagrammatic method 
developed by Hill [55]. As shown in Fig. 6a, aside from 
the binding and release constants b and r, another rate 
constant governs the kinetics, the displacement constant k. 
N v, N and w have the same meanings as in Appendix A, 
n is the total number of molecule positions in the file. 

Since there is only one cycle, the permeability coeffi- 
cient is given by 

Pf = NT I I / E  (B1) 

where, from the detailed balance condition, 

H = brk"-1 

and where E is the sum of all the directional diagrams of 
the model, and is given by 

S, = 2 k " - ' (  nr + bw)  + ( n -  l ) kn-  e (nrbw + ( bw)  2) 

Hence, for the model of Fig. 6a, the osmotic permeability 
coefficient per pore is given by 

p,- = P f / (  N T N )  (B2) 
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