
of the lifetimes of nuclei populating the region 
around the island. This will help to pinpoint 
the island’s exact location, and so guide the 
landing of future experimental expeditions. 
These results could even influence the types 
of experiment to be performed, as nuclei 
predicted to endure for between hours and 
days will require novel chemical techniques 
to be observed, and those predicted to live for 
seconds to hours will require sensitive mass 
analysers to be spotted.

With results such as those of Herzberg and 
colleagues4, we have an additional bearing 

towards the island of stability — but a long 
voyage remains. ■
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Nitrate at the ion exchange 
Julian I. Schroeder

The distinction between CLC ion channels and ion exchangers has become 
blurred. The physiological role of CLC exchangers has been a mystery, but 
one function is evidently to concentrate nitrate in plant vacuoles.

The cell membranes of all self-respecting cells 
contain ion channels that allow the selective 
flow of, for example, sodium or potassium, or 
anions such as chloride, into and out of the cell. 
Only a couple of years ago, a startling discov-
ery was made that certain predicted chloride 
channels — specifically, members of the CLC 
family — function not as passive chloride-
selective ion channels, but as proton–chloride 
exchangers that transport protons and chlo-
ride anions in opposite directions across cell 
membranes1–3. But a mystery has remained: 
why do these CLCs carry out the proton–anion 
exchange shuffle? 

In this issue, De Angeli et al. (page 939)4 show 
that a proton–anion-exchanger CLC has a cen-
tral function in the flowering plant Arabidopsis 
thaliana*. They find that the protein concerned, 

AtCLCa, acts as an exchanger for protons and 
nitrate anions (NO3

�) in the membrane of plant 
storage organelles called vacuoles. Nitrate is an 
essential plant nutrient, and AtCLCa uses the 
prevailing proton gradient across the vacuolar 
membrane to store nitrate at 50 times the level 
typically found in the cytoplasm — a feat that 
would energetically not be possible using a 
simple nitrate channel.

Study of chloride channels was something 
of a backwater until 1990, when the founding 
member of the CLC family was cloned from 
the electric fish Torpedo marmorata5. Interest 
further increased with studies showing linkage 
of diverse genetic diseases in humans and mice 
to mutations in different CLC genes6. Surpris-
ingly, first the bacterial CLC-ec1 protein1, and 
then the human CLC4 and CLC5 proteins2,3 
that are located in the membranes of vesicles 
known as endosomes, were shown to function 

as proton–chloride exchangers rather than 
passive chloride channels. These results were 
mind-boggling, because ‘secondary active’ 
ion-exchange transporters (antiporters) were 
considered to be very different from ‘passive’ 
ion channels. 

Moreover, chloride channels were pre-
viously considered to provide an excellent 
mechanism for increasing the required acidi-
fication of certain vesicles (lysosomes or 
secretory vesicles) by proton pumps known as 
V-type ATPases. These ATPases pump protons 
into organelles, acidifying them, and chloride 
channels would provide an electrical ‘shunt’ 
to prevent the build-up of a large transmem-
brane voltage. So there seemed no good reason 
why endosomal transporters should require 
proton–chloride exchangers rather than 
chloride channels.

Enter plant CLC proteins. Previous research7 
showed that a mutation in the AtCLCa gene 
results in reduced nitrate accumulation in 
Arabidopsis roots and leaves. De Angeli et al.4 
now show that the AtCLCa protein is targeted 
to the vacuolar membrane (also known as the 
tonoplast) that surrounds the large vacuoles in 
plant cells. In plants, vacuoles can occupy up 
to 90% of the volume of cells. And, like endo-
somes and secretory vesicles, plant vacuoles 
have proton pumps that acidify the vacuolar 
lumen (Fig. 1, overleaf). 

Plant vacuoles are large enough for the intact 
vacuolar organelles to be directly subjected to 
patch-clamp electrophysiology. This means 
that ion-transport proteins can be investigated 
in an intact organellar membrane that should 
include most auxiliary and regulatory sub-
units. Through elegant biophysical analyses, De 
Angeli et al.4 reveal that, in normal (wild-type) 
plants, there is a large proton–nitrate exchange 
current across the vacuolar membrane (Fig. 1). 
They also show that two lines of Atclca gene-
disruption mutants lack this current, provid-
ing evidence that the AtCLCa protein encodes a 
vacuolar proton–nitrate exchanger. Their analy-
ses further suggest that the AtCLCa-dependent 

*This article and the paper concerned4 were published online 
on 26 July 2006.
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Anyone who has gathered mussels 
from the seashore will have been 
impressed by their ability to stick to 
rocks — even when lashed by waves.

Mussels can fix themselves to 
almost any organic or inorganic 
surface using a series of threads. 
Phillip Messersmith and colleagues 
(Proc. Natl Acad. Sci. USA doi: 
10.1073/pnas0605552103; 2006) 
now explain the role played in this 
gripping drama by an unusual amino 
acid named l-DOPA, which is found 
in at least five adhesive proteins 
in the mussel’s threads.

Essentially, l-DOPA acts 
as the glue that sticks the 
adhesive proteins to surfaces. 
Using the technique of 
atomic force microscopy, the 
authors showed that l-DOPA 
molecules bind surprisingly 
strongly to a titanium surface, 
which is a good model for 
inorganic surfaces such as rock. 

The combined effect of large 
numbers of these interactions is so 
great that if a whole mussel protein 
were pulled away from a surface, 
the protein itself would break apart 

before the binding to the surface 
gave way. These interactions are 
reversible in ambient conditions, 
which implies that they cannot be 
covalent bonds.

In the marine environment, some 
of the l-DOPA units in the adhesive 

proteins would become 
oxidized. Messersmith et al. 
show that oxidized l-DOPA 
binds weakly to titanium 
but apparently forms strong 
covalent bonds to organic 
surfaces. The solidification 
of mussel glues was long 
suspected to be related to 
this oxidation process. The 
double stickiness accounts for 
the strength of the bonding in 

natural conditions and also means 
that l-DOPA might be a suitable 
adhesive for attaching biological 
molecules to surfaces — and thus 
invaluable for medical applications.
Andrew Mitchinson
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