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Recent progress in understanding molecular structures and mechanisms of action of proton pumps

has paved the way to their novel applications in biotechnology. Proton pumps, in particular bacteri-

orhodopsin and ATP synthases, are capable of continuous, renewable conversion of light to chemi-

cal, mechanical or electrical energy, which can be used in macro- or nano-scale devices. The capa-

bility of protein systems incorporated into liposomes to generate ATP, which can be further used to

drive chemical reactions, and to act as molecular motors has been already demonstrated. Other pos-

sible applications of such biochemical devices include targeted drug delivery and biocatalytic re-

actors. All these devices might prove superior to their inorganic alternatives.

In biology, ATP is synthesized at the expense of energy-yielding chemical or photochemi-

cal reactions. The ubiquitous ATP synthase (ATPase) takes advantage of transmembrane proton

gradients created by the enzymes that catalyze these reactions, with the circulation of protons

through these devices providing the means of coupling the exchange of free energy 1'2. In some or-

ganisms it is the ATPase that assumes the role of a pump which, through reversal of its normal

function, produces the proton gradient. The membrane proteins that translocate ions, and protons in

particular, therefore assume a special place in cellular bioenergetics. How they vdbrk, and how the

proton gradient they produce is utilized to drive endergonic reactions is an outstahding question of

first importance in biology.

The production of desirable reactive chemicals and polymers needs energy input. A human

body takes care of its biosynthetic needs by turning over daily an amount of ATP equivalent to ap-

proximately its weight (100-200 lbs). It seems unavoidable that the technology of producing bio-

chemicals on an increasingly large scale will have to face the costs of energy input. It will eventu-

ally make use of the only truly renewable resource, sunlight and the recycling of a high-energy

compound such as ATP. We recount here the great progress in the last few years that promises to

reveal the mechanism of proton pumps and the ATPase, and speculate on how biotechnology will

make use of such systems.

Proton transport across membranes

Unassisted transport of protons or, more generally, charges across membranes requires large

free energies of activation associated with transfer of these species from the polar, aqueous envi-



ronmentto thenonpolarinterior of amembrane.For example,theactivation barrier for unassisted
transportofNa + was estimated 3 at 27 kcal mol "1, which means that only a few ions per day could

permeate a membrane. For protons another mechanism is also available. It involves translocation of

excess protons along hydrogen-bonded chains of water molecules, which, when properly aligned by

chance, span the membrane. This mechanism is more efficient because it requires only small dis-

placements of several protons between consecutive water molecules along the chain rather than a

large translocation of a single ion. To achieve sustained proton transport an additional step involv-

ing the reorientation of water molecules in the chain is required. However, even with the aid of this

mechanism the permeability of membranes to protons is quite low. Thus, a membrane forms an ex-

cellent permeability barrier to charges, essential for sustaining proton gradients. This is very fortu-

nate because proton leakage is unproductive and is detrimental to the efficiency of bioenergetic

processes.

Clearly, to achieve efficient proton transfer across membranes, some assistance is needed.

This assistance is provided by transmembrane proteins, which reduce the activation barrier by pro-

viding a polar environment to the translocated proton. Again, a proton wire mechanism similar to

that postulated for unassisted ion transport is at work. In this case, however, it maight involve not

only water molecules, but also protein side-chains. This mechanism, which appears to be universal

in membrane biology, has been studied for several transmembrane protein channels. They provide

passive pathways for proton transport, i.e., protons are translocated through the channel from the

compartment with higher proton concentration to the compartment with lower concentration. In

gramicidin A, it has been postulated that protons travel along a single file of water molecules filling

the pore of the channel 4. The situation is somewhat more complicated in the case of a tetrameric

channel formed by the M2 protein from human influenza virus. For this channel, an additionaI step

must be involved because the channel contains four histidine amino acid residues, one from each of

the helices, which are sufficiently large to occlude the pore and interrupt the water network, thus

forming a gate. To explain how protons travel through the gate, it has been proposed that one pro-

ton is captured on one side of a histidine residue while another proton is released from the opposite

side. Then, the channel returns to the initial state through tautomerization 5'6.

In contrast to such channels, the so-called Mitchell loops and the pumps are active transport

systems, which are able to transport ions-also against a concentration and/or electric gradient across

the membrane. The loops, as suggested by Peter Mitchell in his landmark chemiosmotic hypothe-

sis v, are redox systems inserted asymmetrically into the membrane so as to catal_'ze the vectorial
movement of electrons and accompanying protons between reducing and oxidizihg agents sepa-

rated by the lipid bilayer. Pumps, on the other hand, contain not only a transloca_ion pathway but

also a site of an energy-yielding chemical reaction (bond breakage, isomerization, etc.), and the

means of coupling the two together. The loops and the pumps are therefore devices for transducing

chemical energy into osmotic and electric potential energy for protons. The resulting protonmotive

force is the means for driving energy-requiring reactions via the recirculation of the protons

through other devices in the membrane. These other devices are, in effect, loops or pumps that

function in reverse. When the energy input (protonmotive force) and energy sink (chemical poten-

tial for ATP/ADP, for example) are nearly matched, either one can, in principle, drive the other. In

mitochondria, chloroplasts and aerobic bacteria, the balance is toward the ADP + phosphate ---)ATP

reaction, making the ATPase device a synthase.

Biological proton pumps

The long quest towards understanding the mechanism of proton pumps has received a

strong boost from high-resolution crystallographic structures determined currently for increasing
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numbers of such proteins. The simplest and best described is bacteriorhodopsin, the retinal-protein

ofhalophilic archaea that functions as a light-driven pump (Fig. 1). Its structure is described to 1.55

A resolution 8, and high-resolution maps have been determined for several intermediates of its

transport cycle 9t2. In this protein, energy input is not from a chemical reaction as in most pumps,

but from photoisomerization of the all-trans retinal to 13-cis, which creates a conflict with its

binding site and therefore a high-energy state. Relaxation of the retinal and the protein matrix

around it causes atomic displacements of protein residues and bound water, and thereby pK shifts

of acidic groups. Most, although not yet all, details of the transport mechanism are now understood.

The key event is the protonation of Asp-85 by the retinal Schiffbase (Fig. 1). The consequence of

this event is the initiation of a cascade of hydrogen-bond rearrangements that culminate in release

of a proton to the extracellular surface. This coupling is mediated by the side-chain of the positively

charged Arg82 swinging away from the no longer negatively charged Asp85. Movement of the 13-

methyl group of the isomerized retinal initiates, in turn, rearrangements in the cytoplasmic region

that cause reprotonation of the Schiff base by Asp96, and the uptake of a proton. This is accom-

plished by displacements of the side-chain of Lys216, where the retinal is attached and the indole

ring of Yrp 182. The ensuing breaking of hydrogen-bonds and repacking of side-chains causes the
outward tilt of one of the transmembrane helices _3, and allows the intercalation of water in this re-

gion, which lowers the pK of the proton donor asp-96 and opens a proton transfer pathway toward

the retinal Schiff base.

Although not yet understood in such detail, it is generally assumed that this kind of coupling
between the transformations at the active site and the directional transfer of protons across the

membrane will occur in the other pumps. In these pumps, the driving reaction could be electron

transfer (in the redox pumps of the mitochondria and photosynthetic reaction centers) 14"_7, transfer

of reducing equivalents between NAD(H) and NADP(H) (in proton-translocating transhydro-

genases) 18'19or the hydrolysis of ATP (in the membrane ATPases) 2. The transport mechanisms for

such proteins involve complications that arise from coupling to multi-step chemical reaction se-

quences rather than a single reaction, proton stoichiometries > l, and long-distance communication

between the driving reaction and the proton translocation that requires large-scale protein motions.
The architecture of the ATPase is an example of how some of these problems can be solved 1,20.

This enzyme is a very large supramolecular machine, which contains numerous subunit assemblies

of different functions. The larger part, which binds the nucleotide, projects out of the membrane,

and the proton translocation is through a rotor with many proton binding sites inside the membrane.

The two are connected by a stalk, which contains a stator and a shaft. Rotation ott the rotor depends

on protons passing through the stator, via an entrance and an exit that opens tow_ds the two mem-

brane sides. Its rotation is coupled t6 sequential conformational changes in the nucleotide binding

domain so that one site binds ATP, another ADP and phosphate, and the third is free at any one

time during its revolution. The H÷/ATP st0ichiometry is fixed by the number Of proton-binding

sites on the rotor and the number of nucleotide binding sites on the extra-membrane assembly, and

the flexibility of the shaft that transmits the motion of the former to the latter.

Designing sYnthetic proton pumps
Do we know enough about p-ro-t-0-npumpsto des_g/_/;),-fithetic ones that fulfill specific re-

quirements?_lthougl_this goal has not yei been'ac'c0rnplished, it is possible to propose a blueprint
, ............... , .... • am de!of a design that captures the main structural and functional features needed for a slmple p p .

This blueprint emerges from our understanding &biological proton pumps, and in particular, bae-

teriorhodopsin and is shown in Fig. 2. A proton source, PS, located near the center of the bilayer

initiates the proton transport across the membrane. It could be comprised of a chemical reaction or



achromophoreandan ionizablespecies.Whenprotonated,it transfersa proton to the primary pro-
tonacceptorA1, which could be, for example, the side-chain of glutamate, aspartate or histidine in

the protein. It is required that the acceptor be in close proximity to PS and that the pK of A1 be

coupled to the ionization state of PS. From A1 the proton is transferred to the secondary acceptor,

A2 and, possibly, further along a hydrogen-bonding chain towards the membrane surface until it is

captured by a water molecule and carried to the aqueous environment. The essential requirement in

this process is to prevent back transfer of the proton from AI to PS. This can be accomplished if the

proton transfer between A1 and A2 is fast and practically irreversible. Several mechanisms, known

to exist in proton pumps and channels, are available for this purpose. One of them involves a con-

formational shift of deprotonated A1, large enough to disrupt a proton transfer chain. If a transient

water molecule bridges A1 with PS or A2, back transfer is impeded by the disruption of this bridge

because of the change in the ionization state oral. If A1 is a histidine residue the mechanism pos-

tulated for proton gating in the M2 protein might be in operation and the back reaction is prevented

by tautomerization of the imidazole ring.

To maintain the proton gradient, release of the pumped proton must be followed by regen-

eration of PS using a proton acquired from the opposite side of the membrane. This not only re-

quires appropriate architecture for the proton pump but also depends on the pH difference between
both sides of the membrane. As this difference increases the back reaction becomes progressively

more likely and eventually the system approaches a steady state, at which point no further increase

of proton gradient is possible.

Proton pumps in ATP-generating systems

With a natural or an engineered, artificial proton pump reconstituted into a membrane sys-

tem, together with a proton-translocating ATPase, the generation (or regeneration) of ATP from

ADP and phosphate can be driven by suitable energy input. So far, this type of coupled system has

been most effective with light as the source of energy. Both bacteriorhodopsin and the Fo portion of

H÷-ATPases have hydrophobic surfaces and spontaneously insert into lipid bilayers. For less obvi-

ous reasons that probably have to do with the electric charge of the two protein surfaces, the orien-

tation of bacteriorhodopsin can be made to be fairly uniform and in the direction of inward pump-

ing. Bacteriorhodopsin is inherently and unusually resistant to both thermal and photo-damage, and

if the ATPase is from a thermophile 22"23,their combination is a sturdy system that is stable and

functional for several months or longer. Both proteins can be purified in large amounts (in the case

of bacteriorhodopsin, in multi-gram quantities in the laboratory by presently available methods),

and by relatively simple biochemical techniques. When proteoliposomes contai_ng both proteins

are illuminated, a proton current is generated, inward through bacteriorhodopsin_and outward
through the ATPase (Fig. 3), and there is efficient and continuous production of ATP from exter-

nally added ADP and phosphate. Although the details of the best conditions for coupling under load

conditions need to be worked out, there is sufficient evidence already to suggest that this system

might be useful for biotechnological applications when ATP regeneration is required. Another es-

tablished way to drive ATP synthesis is with a synthetic system based on the idea of a Mitchell

loop. It uses not a proton pump but a redox chain consisting of linked carotene-porphyrin-

naphtoquinone that spans the liposome membrane 24. Light causes the migration of an electron, oxi-

dizing the carotene moiety and reducing the naphtoquinone, on the interior and exterior surfaces,

respectively. A mobile quinone returns the dislocated electron and a proton with it, to the interior

surface, generating thereby an inward-directed electrochemical proton gradient, in a reaction cycle

that resembles those of proton pumps.

Potential biological applications and perspectives



Proton pumps, alone or coupled with ATP-generating ATPases, might have numerous bio-

technological applications, ranging from targeted drug delivery to biocatalytic reactors, fuel cells

and nano-machines. However, the technological potential of proton pumps has been, so far, poorly

explored. Recent advancements in our understanding of the structure and mechanism of action of

these pumps, combined with rapid progress in several other areas of biotechnology, such as novel

application of liposomes or fabrication of biocompatible nttnostructures, open for the first time a

possibility to realize fully this potential.

One potential application of proton pumps is in pH-sensitive liposome systems used for

drug delivery, vaccination, gene therapy and medical diagnostics 2s'16. These liposomes are stable at

neutral pH but become destabilized and release their content upon acidification. I f the liposome

membrane contained a light-driven proton pump, for example bacteriorhodopsin, the release could

be triggered by tissue or skin illumination. This technique could be particularly efficient if wave-

lengths to which biological tissue is relatively transparent were used. The absorption maximum of

bacteriorhodopsin is at 570 nm, but it absorbs light between about 500 and 630 nm. This range can

be extended by replacing the retinal with various chemical analogues. Thus, wavelengths can be

used that are weakly absorbed by water and hemoglobin. By exerting spatial and temporal control

of illumination it should be possible to increase markedly the chances that the liposome content is

released at the desired target, which might significantly reduce toxic side effects and increase the

efficacy of the treatment. More generally, proton pumps might provide the means to use light and

accompanied changes of pH to regulate precisely molecular assemblies and biochemical reactions.

Proton pumps coupled with ATPases provide the means to covert light into chemical energy

in a continuous and renewable manner, and further utilize this energy in a variety of biotechnologi-

cal applications. One such application might be biocatatytic membrane reactors 27. In these reactors,

enzymes suspended in solution inside a membrane-surrounded compartment, or immobilized

within the membrane, catalyze the desired chemical reactions. This form of biocatalysis is used in

agro-food, detergent, textile, chemical and pharmaceutical industries. However, current applica-

tions are limited to enzymatic reactions that donor require the input from high-energy compounds,

such as ATP. The range of applicability of biocatalytic reactors can be greatly extended by adding

proteoliposomes containing bacteriorhodopsin and ATPase to the membrane-enclosed compart-

ment. Then, upon illumination and in the presence of ADP and inorganic phosphate in the com-

partment the reactor will support catalysis of ATP-driven reactions. To make this approach tech-

nologically viable, the reported rate of continuous ATP production at saturating light intensity of

0.2-0.8 nmol of ATPmin'_mg "_ of protein might have to be improved. This can _ achieved, for ex-

ample, by optimizing conditions for insertion of the proteins into liposomes in Me correct orienta-

tion and improving efficiency of coupling between the protein components.

ATP generated by ATPases coupled to proton pumps can be used to improve performance

of microfabricated biocatalytic fuel cells zg. These devices can provide electrical power supply for

implantable microsurgery robots, biosensors or even artificial organs. One particularly attractive

type of fuel cell is the enzyme battery, in which the oxidation and reduction reactions are catalyzed

by properly chosen enzymes, immobilized on the electrodes, In such a device, light-driven, ATP-

producing proteoliposomes can be used to regenerate the battery. In this respect the system would

resemble batteries used, for example, in pocket calculators that recharge when exposed to light.

An appealing application of proton pumps and ATPases is as molecular motors. ATPase

contains two rotary motors. Depending on whether the chemical potential of ATP/ADP or the pro-

tonmotive force is greater, either one or the other dominates. The F_ motor generates a mechanical

torque during the hydrolysis of ATP. The F0 motor generates a torque in the opposite direction
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when employing the transmembrane protonmotive force. A remarkable feature of the FI motor is

that at high ATP concentrations it can convert energy from hydrolysis of ATP to rotary torque at

nearly 100% efficiency 2°'29. The force generated by this motor exceeds 100 pN, which is the great-

est among molecular motors. Recently, Fl ATPase was successfully attached to nickel, copper and

gold substrates using electron beam litography 3°. Fluorescent microspheres attached to the tip of the

rotating subunit were shown to move with rotational velocity of 3-4 rev s"_. Continuing work along

these lines might lead to the construction of new, autonomous nanomechanical devices powered by

proton pumps coupled to ATPases.

It should be clear from the foregoing that although the biophysics of these molecular de-

vices is well understood, their utilization in working systems needs new and creative thinking in

micro-engineering' The scale on Which they are to be constructed, and on which they will operate,

is vastly smaller than the dimensions of state-of-the-art electrical microcircuits, present and pro-

jected. The concepts, and in some case__sAhe_beginning:;_o_f__w_rking laborato_ have been

develope_lT-. The barrier to overcome is the engineering of reproducible biochemical devices that

show clear superiority in reliability and cost to their inorganic alternatives. Whether in biotechnol-

ogy, nano-scale medical devices, or molecular electronics, the opportunities and the challenges are

unprecedented. How rapidly they will be realized depends on the vision that drives the develop-

ment of industry in the 21 st century.
Conclusions

Prote01iposomes containing proton pumps and ATPases are probably the most promising,

general-purpose biodevices for efficient, continuous and renewable generation of energy in bio-

technology, especially at the nano-scale. These systems are sturdy and can be produced at techno-

logical scales. Other potential applications of proton pumps rely on their ability to change acidity of

the environment in a controlled way and, by doing so, influence molecular structures and chemical

reactions. With the emerging understanding of how proton pumps work, it is possible to re-engineer

them to optimize their usefulness in specific applications. However, the challenges that have to be

met in the development of commercial applications of proton pumps are not yet fully known, and

considerable work is needed before devices containing pumps become common in bio- and

nanotechnology.
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Figure captions

Fig. 1. Crystallographic structure of bacteriorhodopsin s (PDB code 1C3W). The seven transmem-

brane helices span the membrane, shown with the cytoplasmic surface facing upward. The amino

acids most relevant for proton transport as discussed in the text, the all-trans retinal (in purple), and

water molecules (in green) are included.

Fig. 2. Schematic of a simple, artificial, light-driven proton pump. Upon illumination, the proton

source PS donates proton to the acceptor A 1. The proton is further irreversibly carded to the aque-

ous environment with the aid of other proton acceptors in the protein and, possibly, water mole-

cules (as shown in this figure). The proton source is reprotonated from the opposite side of the
membrane.
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Fig. 3. Schematic of a coupled bacteriorhodopsin - ATP synthase proteoliposome. Proton circula-

tion is maintained during illumination by inward active transport through bacteriorhodopsin, and

passive outward flux through the Fo part of the ATP synthase.
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