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OW ARE CHARGED IONS TRANSPORTED ACROSS BIOLOGI- 

cal membranes? This issue of Science contains two articles 
(1, 2) about the x-ray structures of gramicidin A, which 

provide the first atomic level views of the machinery responsible. 
Gramicidin A, which is produced by the bacteria Bacillus brevis, is an 
alternating D-L pentadecapeptide with a notably hydrophobic se- 
quence: 

The peptide has antibiotic activity arising from its ability to conduct 
monovalent cations across cell membranes. Owing to its relative 
structural simplicity, gramicidin A has been the subject of numerous 
experimental and modeling studies aimed at determining how it 
functions. The new crystallographic studies are particularly interest- 
ing both because they affirm some previous expectations and 
introduce some unexpected structural wrinkles. 

Grarnicidin A spontaneously forms dimers (3) that can intercon- 
vert among various different coiled forms, depending on solvent 
environment (4). Modeling studies have shown that, because of its 
alternating D-L peptide sequence, gramicidin can make left-handed 
coils that form hollow cylindrical structures. These structures have 
an exterior surface (normally buried in the surrounding lipid 
membrane) populated by hydrophobic amino acid side chains, and a 
central pore lined with polar peptide imino (NH) and carbonyl 
(CO) groups. The polar groups on the pore interior can facilitate 
ion transport by transiently stabilizing cations that diffuse through 
the membrane along the pore axis. However, within this common 
structural framework, there exists a surprising diversity of coiled 
dimer models that can potentially form pores long enough (about 
25 to 30 A) to span a membrane. Consequently, much work in 
recent years has been focused on trying to determine which model is 
functional in the biological environment. 

The papers by Langs (2), and Wallace and Ravikumar (1) report 
the x-ray crystal structures of gramicidin both in the free form and as 
a complex with cesium chloride. In the free form structure, the 
gramicidin molecules are hydrogen-bonded together in the form of 
a double-stranded antiparallel beta sheet whose strands are in 
register (Fig. 1A). The double-stranded sheet is then tightly wound 
with a left-handed sense so that additional hydrogen bonds are 
formed between the adjacent edges of the coiled sheet. 

Because the chains in the adjacent coils also run in antiparallel 
directions, the structure as a whole is hydrogen-bonded together 
like an extended, antiparallel beta sheet. The cylindrical pore formed 
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by the free gramicidin is about 31 A long and is characterized by 
pronounced bulges in the central channel that are large enough to 
incorporate isolated bound ions, although none are actually present 
in the x-ray structure. Since ions transiting the pore could intermit- 
tently twist the backbone peptide planes as they pass, the structure 
appears consistent with a mechanism of ion conduction that involves 
bulge propogation down the pore axis. It is consequently surprising 
that the structure of the CsCl complex differs in a fundamental way 
from the free form structure. 

In the CsCl complex structure, the gramicidin dimer forms a 
shorter (about 28 A) and somewhat fatter cylinder with Cs and C1 
ions arranged in line down the pore axis. In this larger bore 
structure, it seems possible that ions could transfer without the 
propogation of the peristaltic bulge that seems necessary to accomo- 
date passage through a cylinder with the free pore geometry. 
Indeed, the presence of both cations and counterions in the complex 
pore suggests that the structure may be "jammed" open, and so 
reflect the cumulative effect of local conformational changes associ- 
ated with ion conduction down the pore axis. 

In fact, the pore opening seen in the CsCl complex crystals 
produces a shift in hydrogen bonding registration between the 
strands of the coiled and antiparallel sheet (Fig. 1B). While similar 
shifts are characteristic of the alternative gramicidin models (4-6), 
the crystal structures make clear that the shorter, fatter, complex 
pore is produced from the free form by a relative translation of the 
antiparallel sheet strands in opposite directions. This shift in the 
pattern of interchain hydrogen bonds seems a logical consequence of 
trapping multiple peristaltic bulges, each of which causes transient 
disruption of backbone hydrogen bonds during ion passage through 
the pore. In this sense, the free and CsCl complex structures appear 
to represent metastable states of a structure whose polymorphism 
reflects its underlying dynamic mechanism. 

Although the crystal structures basically resemble models for 
gramicidin A first proposed by Veatch (4, many studies indicate 
that this pore formed of antiparallel chains is, in fact, only a minor 
conformational component of hnctionally active gramicidin dimers 
in biological membranes. Instead, Urry has proposed a model 
"channel" arranged as a head-to-head dimer of left-coiled gramicidin 
chains (6) (Fig. 1D). This model, which is supported experimentally 
(7, 8), is composed of single chain coils whose successive loops are 
hydrogen-bonded together in a parallel beta sheet pattern, except for 
a short antiparallel region where the coiled monomers stack upon 
each other (8). The interesting point is that the channel form can be 
viewed as the ultimate result of progressively shifting the antiparallel 
chains of the pore structure past each other. 

Interconversion of the pore and channel structures might then 
occur through the accretion of hydrogen bonding shifts, without 
ever necessitating simultaneous disruption of every hydrogen bond 
in the structure. This infers the transient existence of "mixed" 
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structures like Fig. lC, which are at present only conjectural. 
In summary, gramicidin A appears to be a structure whose 

polymorphism may underlie a dynamic mechanism of ion transfer. 
Although much more remains to be learned about gramicidin 
hnction, particularly regarding details of mechanism and the origins 
of ion transport specificity, the crystallographic studies finally 
provide a structural basis for definitive spectroscopic studies and 
computational simulations. 
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