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Aquaporins and aquaglyceroporins are passive membrane

channels that, in many species, facilitate highly efficient yet

strictly selective permeation of water and small solutes across

lipid bilayers. Their ability to block proton flux is particularly

remarkable, because other aqueous pores and water efficiently

conduct protons, via the so-called Grotthuss mechanism. How

efficient water permeation is achieved and how it is reconciled

with the seemingly contradictory task of strict proton exclusion

have been long-standing puzzles. Because neither the

dynamics of the water molecules nor the mobility of protons

inside the aquaporin channel could be experimentally

accessed so far, several groups addressed this challenge using

a variety of atomistic computer simulation methods.
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Introduction
Aquaporins are ubiquitous, highly specialized water chan-

nels in biological membranes [1,2]. Cell membranes are

composed of lipid bilayers and thus are nearly imperme-

able to water. Yet many processes critically depend on the

efficient exchange of water between the cell and its

environment. Aquaporins enable passive yet remarkably

efficient permeation of water molecules across cellular

membranes in all tissues for which water balance is

crucial, including the kidney, lung, brain, eye lens, skin

and red blood cells. More than 350 aquaporins are known

today; in humans alone, more than ten different aqua-

porins have been isolated so far with specialized permea-

tion characteristics [3]. Their physiological relevance is

further underscored by the fact that several diseases are

associated with defective aquaporin functionality [4],

including nephrogenic diabetes insipidus (aquaporin-2)
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and congenital cataract (aquaporin-0). Aquaporins have

been divided into two classes. The first primarily com-

prises strict water channels; members of the second class,

also termed aquaglyceroporins, additionally conduct gly-

cerol and other small solutes.

In virtually all organisms, proton gradients across cellular

and subcellular membranes act as the primary energy

source for the synthesis of ATP [5]. Maintaining the

electrochemical gradient is, therefore, as crucial as effi-

cient water permeation. In particular, it is essential that

water flux through aquaporins is not accompanied by

leakage of protons [6]. How these two apparently con-

flicting functions are reconciled has been a long-standing

question in aquaporin research. The exclusion of protons

is particularly intriguing against the background of high

proton mobility in bulk water [7,8] and in other water-

filled membrane proteins, such as gramicidin [9,10�,11�]
and bacteriorhodopsin [12,13].

The elucidation of the first atomic structures of two

different members of the aquaporin family [14�,15�]
provided the basis for studying water permeation at an

atomistic level and also prompted initial speculation on

the mechanism of proton exclusion in terms of hydrogen

bond interruptions [14�]. These more structural aspects of

aquaporin function have been extensively reviewed

recently [16–19] and therefore are not discussed here.

Figure 1 summarizes the main structural features of

aquaporins. As the dynamics of water molecules and

protons inside the pore are very fast and are not, so far,

accessible to experiment, this issue has recently been

addressed by several computer simulation studies using

complementary methods. In close collaboration with

experimental groups, this concerted effort has established

from first principles the mechanisms of both efficient

permeation of water (and glycerol) and strict selectivity

against protons and other ions. The main results of these

simulation studies and the emerging consensus mechan-

ism are the focus of this review.

Mechanism of water permeation
High-resolution structures of aquaporin-1 (AQP1)

[20�,21�] and the glycerol facilitator GlpF [15�] enabled

atomistic ‘real-time’ molecular dynamics (MD) simula-

tions of spontaneous, full permeation events in aquapor-

ins [22��,23��] (c.f. Figure 2a). It was found that both

AQP1 and GlpF act as two-stage filters [22��]. The first

stage of the filter is located in the central part of the

channel at the asparagine/proline/alanine (NPA) region;

the second stage is located on the extracellular face of the
www.sciencedirect.com
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Figure 1

The structure of AQP1. All aquaporins and aquaglyceroporins of known structure are homotetramers consisting of four monomeric channels, as

shown in (a) top view and (b) side view. The monomeric channel (c) displays internal pseudo-twofold symmetry, reflecting the sequence similarity of

the N- and C-terminal halves of the molecule [24,25]. The channel consists of six transmembrane helices connected by five loops, termed A to

E in AQP1. Loops A and D are short; loop C connects the two sequence-related halves of the molecule and spans the extracellular face of the

channel. Loops B and E contain the highly conserved fingerprint NPA motifs, which fold back into the channel and meet at the channel center

[14�,24]. Both the B and E loops enter the channel as a loop and leave on the same side of the channel as a short helix. Located approximately

7 Å extracellular to the NPA region is the ar/R constriction region, the narrowest region of the pore. This constriction region is considerably

narrower in water-specific AQP1 than in the glycerol facilitator GlpF.
channel in the aromatic/arginine (ar/R) constriction

region. An independent simulation of GlpF [23��], using

a different force field, confirmed the crucial role of the

NPA region; this had also been inferred from the fact that

this motif is highly conserved [24,25]. These simulation

studies also suggested mutants that changed the permea-

tion characteristics in a predictable manner [23��].

The simulations also addressed the energetics of water

permeation. Overall, the channels achieve their high

water permeability through a fine-tuned ‘choreography’

of hydrogen bonds [22��]. Whenever and wherever bulk

water–water hydrogen bonds have to be ruptured to allow

the water molecule to ‘squeeze’ through the narrow NPA

region, the protein offers ‘replacement’ interactions,

which largely compensate for the energetic cost of

water–water bond rupture. This remarkable complemen-

tarity to bulk water lowers the activation barrier to a large

extent and thus allows the high permeation rate, which is

observed both experimentally and in simulations, despite

the hydrophobic nature of the pore. Further statistical

analysis of the translational water dynamics revealed

highly correlated motions, particularly within the NPA

region, which additionally reduce the effective activation

barrier to the experimentally determined value [22��].
Protein–water interactions dominate only in the NPA and

ar/R regions of the pore (c.f. Figure 2c). By contrast,

water–water interactions dominate the energetics of

water permeation in the other regions of the channel.

The NPA region is characterized by two adjacent low

hydrophobic free energy barriers, as has been revealed by
www.sciencedirect.com
two independent computational approaches [22��,26].

The simulations finally revealed a pronounced water

dipole orientation pattern across the channel, with the

NPA region as its symmetry center [22��]. In the simula-

tions, the water molecules were found to rotate by 1808 on

their path through the pore (Figure 2b). The local electric

field, which is dominated by the macrodipoles of helices B

and E, has been suggested as the main cause [22��].

This orientational distribution of water was subsequently

and independently also observed for GlpF [23��]. By

artificially switching off the electric dipoles of the B

and E helices in these simulations, it was convincingly

and elegantly demonstrated that it is the electrostatic

field generated by the helical macrodipoles that mainly

determines the strict water dipole orientation [23��]. By

preventing the formation of a proton wire across the

channel, this ‘global orientational tuning’ was proposed

to block proton flux [23��,27].

Mechanism of glycerol permeation
Glycerol permeation through the bacterial glycerol facil-

itator GlpF has been observed to occur spontaneously

[28] and has been systematically studied by applying

external forces to the glycerol [29�]. Water and glycerol

were found to move concertedly through the pore,

thereby competing for hydrogen bond partners in the

channel interior [28]. Employing Jarzynski’s equation, a

potential of mean force for the permeation of glycerol

through GlpF was derived from the force profiles of

multiple force probe MD simulations [29�]. The minima
Current Opinion in Structural Biology 2005, 15:176–183
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Figure 2

The mechanism of water permeation through AQP1 and GlpF [22��]. (a) Typical pathway of a water molecule (red/white spheres) through the AQP1

pore. Residues lining the pore are labeled. (b) Orientational distribution of water dipoles within the pore. Arrows depict the mean dipoles of water

molecules inside the pore. Because of the electrostatic field in the channel (color coded on the protein backbone), water molecules show a

bipolar orientation within the pore, with the symmetry center located at the NPA region. (c) Hydrogen bond energetics of water molecules in the

AQP1 and GlpF pores. Shown are water–water (blue), protein–water (green) and total mean hydrogen bond energies of water molecules, as well

as the interruption frequency of water–water hydrogen bonds inside the AQP1 and GlpF pores (red).
in the free energy profile showed favorable qualitative

agreement with the location of three glycerol molecules

in the X-ray structure [15�]. Also, the stereoselectivity of

the channel could be rationalized from these simulations

[29�]. A broad free energy minimum was found at the

periplasmic vestibule of the channel, which has been

postulated to be involved in the recruitment of glycerol

molecules, thereby enhancing the conduction rate

[29�,30].

Calculating water permeability coefficients
The simulations offered the chance to address aquaporin

function in quantitative terms. Calculation of permeabil-

ity coefficients and comparison to measured values [3,31]

provided a very sensitive test of the simulations. One

additional hydrogen bond, for example, would change the

permeability by two or three orders of magnitude. Apart

from more qualitative treatments [26,27], two simulation

approaches have mainly been followed. First, Kramers-

type calculations [32�,33�] were used to derive perme-

ability coefficients from the fluctuations observed in

equilibrium simulations. Second, hydrostatic or osmotic
Current Opinion in Structural Biology 2005, 15:176–183
pressures have been applied in non-equilibrium simula-

tions, which allowed the direct observation of net water

flux [34�,35�].

The equilibrium approach rests on the notion that equi-

librium fluctuations are closely connected to transport

properties. Figure 3 explains how this relationship has

now been revisited from a quite different direction [32�]
(for a detailed treatment, see [33�]). Overall, remarkable

agreement between simulations from different groups as

well as with measured permeabilities has been obtained,

which convincingly demonstrates the accuracy of the

simulations. For example, the water permeability calcu-

lated from equilibrium fluctuations (pf = 7.5 � 10�14 cm3/s

[22��]) is very close to the measured coefficient

(pf = 5.43 � 10�14 cm3/s [3]) for AQP1. In fact, the dif-

ference in rate coefficient of only 30% means that the

activation energy was determined from the simulations to

an accuracy better than 1/3 kBT or 0.2 kcal/mol. That this

agreement is not just anecdotal is demonstrated by sug-

gested mutations for which permeability changes have

been well reproduced by simulations [23��].
www.sciencedirect.com
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Figure 3
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Permeabilities (pf) can be derived from fluctuations observed in

equilibrium simulations. The appropriate collective reaction coordinate

involves the motion of all water molecules that form a column within the

channel. Barrier crossings (height DGz) along this reaction coordinate

describe the effective transport of one water molecule from one side of

the channel to the other (insets top left and right). In equilibrium

simulations (top), and according to Kramers’ theory, forward and

backward rate coefficients are equal, k0 = v0exp(�DGz/kBT), and

no net transport occurs. Here, v0 is the Kramers’ pre-factor (‘attempt

rate’) and kBT is the thermal energy. In non-equilibrium simulations

(bottom), the chemical potential difference (Dm) increases the forward

rate coefficient (k+) by a factor of exp(Dm/kBT) with respect to the

backward rate coefficient (k�). The resulting net flux is

j = k+�k� = 2k0sinh(Dm/2kBT) molecules per second; in linear

approximation, j = k0Dm/kBT and pf = Vmolk0, where Vmol � 30 Å3 is

the volume occupied by one water molecule [32�].
Along the second route, osmotic [35�] and hydrostatic

[34�] pressure gradients have been applied. Here, the net
transport of water molecules as a result of applied pressure

is directly monitored, as is the permeability. Concep-

tually, this is certainly a more direct approach to the

situation in vivo and in vitro. On the other hand, for a

non-equilibrium simulation with an applied pressure

difference of one bar, a microsecond simulation would

be required to see the net transport of only three water

molecules; this would still be difficult to detect against

the huge background of approximately 10 000 equili-

brium barrier crossings.

For the equilibrium approach, the validity of Kramers’

theory, despite the good agreement with experiment,

may be questioned because of the very small free energy

barrier for water permeation of about 5 kBT [31]. How-

ever, in this case, all barrier crossings contribute to the
www.sciencedirect.com
statistical accuracy of the calculated permeability. For the

equilibrium simulation of, for example, AQP1, a total of

approximately n = 200 barrier crossings were observed for

the tetramer within 10 ns simulation time [22��], implying

a small statistical error of 1/Hn � 7%.

Water permeation under physiological conditions, there-

fore, is the result of just a tiny imbalance between forward

and backward equilibrium fluctuations, which are three to

four orders of magnitude more frequent than the net

permeation rate. Thus, whereas the equilibrium fluctua-

tions can be seen directly in MD simulations, extremely

high hydrostatic pressures (e.g. 2000–4000 bar [34�]) are

required for non-equilibrium simulations. Despite these

extreme conditions, quantitative agreement with the

measured permeabilities was obtained [33�]. The simi-

larly good agreement between these two quite different

simulation approaches is remarkable and suggests that

both approaches, with their complementary advantages

and disadvantages, can yield reliable results.

Proton exclusion
Proton conduction in bulk water proceeds via the

Grotthuss mechanism. Accordingly, protons are transferred

between water molecules via hydrogen bonds and transi-

ent hydronium ions. Necessarily, the water dipoles reorient

during this process. The observation of interrupted hydro-

gen bonds along the water chain inside the pore [22��], as

well as the strict orientation of the water molecules

[22��,23��], led to speculation that these effects interfere

with the Grotthuss mechanism and thus preclude proton

conduction through the channel. Because these ‘first-gen-

eration’ studies were mainly aimed at — and succeeded in

— explaining efficient water permeation, only (neutral)

water molecules were considered and, hence, the above-

mentioned speculation about the mechanism of proton

exclusion was based on indirect evidence only.

To obtain direct information, explicit treatments of excess

protons and proton transfer reactions in ‘second-genera-

tion’ simulations were considered mandatory. Several

groups have accepted the challenge to address proton

exclusion in aquaporins by computational methods. This

has become a very active field indeed, as testified by the

seven extensive simulation studies that have been

published within one year [27,36��,37��,38�,39�,40,41��].
In the following, we will describe the consensus that

emerges from these quite different approaches, but also

discuss the discrepancies that still persist.

In a first set of ‘Q-HOP’ simulations [36��], protons were

placed at different positions within the channel. Unex-

pectedly, remarkably high proton mobility through

efficient Grotthuss transfers was seen throughout the

channel, without any severe interruption. Furthermore,

these protons were expelled from the pore within only a

few picoseconds [36��] (c.f. Figure 4a). These results
Current Opinion in Structural Biology 2005, 15:176–183
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Figure 4
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Protons are excluded from the central region of the aquaporin channel by a strong free energy barrier, as demonstrated by (a) spontaneous

downhill proton trajectories from multiple Q-HOP MD simulations that started with an excess proton placed inside the channel at different

positions [36��]. (b–f) Proton free energy and electrostatic profiles for the AQP1 and GlpF pores derived from various computational approaches:

(b) non-equilibrium free energy profile [36��] derived from Q-HOP proton trajectories by a maximum-likelihood approach (black), electrostatic

potential of mean force from MD simulations (red), energy profile from Poisson–Boltzmann calculations (green) for AQP1; (c) electrostatic potential

from MD simulations of GlpF (black curve) [27]; (d) electrostatic potential (red/green) and free energy profile (black) for protons in GlpF [37��]; (e)

PDLD/S-LRA free energy profile for protons within the AQP1 pore (continuous line) [38��]; (f) potential of mean force for protons within the GlpF

channel from EVB simulations [39�].
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Figure 5
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Schematic representation of the three mechanisms that have been

proposed to dominate proton exclusion in aquaporins on the basis of

simulation results. (a) The observed bipolar water orientation, with a

central water molecule prevented from forming hydrogen bonds with

neighboring water molecules, interrupts proton flux through the pore

[14�,23��,27]. (b) Unspecific desolvation effects form the main barrier

to protons within the hydrophobic aquaporin pore [38�,40,42]. (c) An

electrostatic barrier, generated mainly by the helical macrodipoles of

helices B and E and positioned at the central NPA region of the pore, is

the predominant and direct determinant of proton exclusion

[36��,37��,41��].
contrast with the original picture of an interrupted proton

wire. Rather, they suggest a barrier located at the NPA

region as the dominant factor preventing proton transport,

irrespective of the particular underlying transport

mechanism [36��]. Indeed, it was found that a strong

electrostatic field spans the aquaporin pore [27,36��]
and dominates the free energy profile for proton conduc-

tion [36��,37��,41��] (c.f. Figure 4b). These findings stress

the importance of simulating the explicit dynamics and

energetics of protons to elucidate the proton blockage

mechanism; to settle for indirect evidence (e.g. from

structural information only or from simulations without

excess protons explicitly considered) is risky.

Figure 4b–f compares the free energy and electrostatic

profiles that have been obtained from the different simu-

lation studies. The applied methods are quite diverse,

including classical electrostatics calculations [27,36��,
37��], Q-HOP proton transfer simulations [36��],
semi-microscopic protein-dipole Langevin-dipole linear

response approximation (PDLD/S-LRA) calculations

[38�], umbrella MD simulations employing the PM6

dissociable water model [37��,41��] and steered empirical

valence bond (EVB) proton transfer simulations [39�].
Furthermore, the profiles were calculated for two differ-

ent members of the aquaporin family, AQP1 and GlpF.

The quantitative differences in the barrier heights reflect

the effects of the assumptions underlying the different

methods and the different simulated systems. Overall,

the accurate calculation of ionic barrier heights for mem-

brane channels must be considered a challenging task

even for modern simulation techniques. Nevertheless,

the qualitative match between the profiles, with a clear

maximum near the NPA region in the central channel and

a secondary peak near the ar/R or selectivity filter region,

illustrates that state-of-the-art proton transfer simulations

capture the dynamics and energetics of proton transfer

processes in biological systems.

The consensus conclusion is that electrostatic interac-

tions, rather than proton wire interruption effects, are the

dominant mechanism of proton exclusion in aquaporins.

Surprisingly, however, a significant discrepancy concern-

ing the nature of the electrostatic barrier persisted until

very recently. Some groups claimed that proton flux is

blocked by the inability of the bipolar water orientation

— caused by the electrostatic field of the protein — to

support the Grotthuss mechanism within the NPA region

[23��,27,39�]. Another group has argued that rather unspe-

cific electrostatic desolvation effects dominate proton

exclusion [38�,40,42]. The interpretation of the findings

that currently is shared by most groups attributes the

proton barrier directly to the electrostatic field generated

by the protein matrix within the NPA region; thus, this is

considered the dominant factor in proton exclusion

[36��,37��,41��]. Accordingly, any perturbation of the

proton wire at the top of the high energy barrier within
www.sciencedirect.com
the aquaporin pore would have virtually no effect,

because the protons could not ‘climb’ the barrier top

even if the wire was perfectly intact. We note that this
Current Opinion in Structural Biology 2005, 15:176–183
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distinguishes the situation from proton conduction in

bulk water, which is not impeded by larger barriers

and, therefore, is directly affected by any interference

with the Grotthuss mechanism [38�].

The bipolar water orientation interpretation [23��,27]

(Figure 5a) rests on the observation of frequent config-

urations of water molecules in the pore with the oxygen

atom of a central water molecule saturated with hydrogen

bonds to the sidechains of the two asparagines of the NPA

motifs. This was proposed to prohibit the acceptance of

an excess proton at this position, thereby interrupting

proton flux through the pore [23��,27]. This elegant

proposal is similar in spirit to the speculation based on

the first atomic model of the structure of AQP1 [14�]. This

proposal rests on the assumption that proton exclusion is

caused by interruption of a Grotthuss-type proton wire

and that the orientational restriction of water molecules in

the pore causes such an interruption. However, simula-

tions that explicitly include proton transfer reactions

within the pore are not compatible with this assumption.

In contrast to the proposed mechanism, proton transfer

within the NPA region was found not to be impeded,

suggesting that orientational restriction of water mole-

cules is not the dominant determinant of proton exclusion

from the aquaporin pore [36��,37��,41��].

Likewise, the proposed mechanism of proton exclusion

by a non-specific desolvation barrier [38�,40,42]

(Figure 5b) seems incompatible with several findings.

This mechanism predicts that the central barrier near the

NPA region is caused by the geometry and hydrophobi-

city of the pore, rather than by the electrostatic field in the

channel, which is generated by the arrangement of

charged and polar groups lining the pore. Indeed, the

authors show that very similar free energy profiles are

obtained for protons moving through the AQP1 pore and a

hydrophobic model channel [38�].

However, in a recent study, in which the effect of the

protein’s charged and polar groups was investigated by

switching off the partial charges of the NPA motifs and

the B and E helical macrodipoles, the proton transfer

barrier was shown to be drastically reduced [41��]. This

finding supports the proposed mechanism of a direct

electrostatic barrier [36��,37��] generated by the protein

matrix (Figure 5c). This interpretation renders the bipolar

water orientation a secondary effect rather than the pri-

mary cause of proton exclusion — a picture that is also

consistent with all other simulation results. Furthermore,

mutants have been suggested [41��] that could cause

proton leakage, thus providing an experimental test of

this proposed mechanism.

Conclusions
Taken together, these findings show that electrostatic

effects dominate the mechanism of proton exclusion in
Current Opinion in Structural Biology 2005, 15:176–183
aquaporins. At the same time, the different interpreta-

tions once again underscore the challenge of unraveling

the underlying structural and energetic determinants of

the remarkable functional duality of the aquaporin family

of proteins: efficient water/solute permeation while

strictly blocking proton flux.
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