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Membrane-spanning gramicidin channels
remain unique because of their small size,
well-characterized function and well-
defined structure. In organic solvents, the
gramicidins are conformationally poly-
morphic; but a large body of work (sum-
marized in refs 1,2) shows conclusively that
the predominant channel form is a head-
to-head dimer of two single-stranded (SS)
b-helices — confirming an early predic-
tion3. We therefore take issue with the sug-
gestion in a recent editorial in Nature
Structural Biology4 that the major con-
former responsible for ion movement
across membranes is a double-stranded
(DS) dimer. The DS gramicidin crystal
structures determined by Duax and collab-
orators5, which were presented at the con-
ference described in the editorial, constitute
an important advance, but they do not
relate to the active channel structure.

The identity of the channel structure was
established by 1980 based on experiments
that probed the general organization of
gramicidin monomers in membrane-span-
ning channels. The experiment’s aim was to
distinguish between two different folding
motifs (Fig. 1b): DS dimers, which were
known to exist in organic solvents; and SS
dimers, which further could be distin-
guished by their orientation. Single-chan-
nel experiments with gramicidin analogs
modified at their N-termini showed that
the N-termini are close together in the
membrane-spanning channel6. The intro-
duction of a charged residue at the N-ter-
minus abolishes channel activity; but such a

replacement is tolerated at the C-terminus7.
By 1978, the evidence was strongly in sup-
port of the head-to-head SS dimer8. Single-
channel experiments using more subtle
N-terminal modifications9 provided addi-
tional support for this structure.

Furthermore, combined conductance
and spectroscopic measurements showed
that the channels are dimers, and that all
dimers are conducting channels10 This
allowed for nuclear magnetic resonance
experiments, using 13C and 19F NMR to
probe the exposure of the N- and C-termini
to lipid or water-soluble shift reagents11,
which showed conclusively that membrane-
spanning gramicidin channels are head-to-
head SS dimers. Later experiments show
that circular dichroism spectra of bilayer-
incorporated gramicidin differ qualitatively
from those of gramicidin in organic sol-
vents12 and that DS dimers are characteristic
for gramicidin in organic solvents13.

Why are the membrane-spanning chan-
nels not DS dimers? Most likely because
more Trp residues in the sequence (Fig. 1a)
would be buried in the bilayer core if the
channels were double-stranded (Fig. 1c).
The energetic cost of burying the amphi-
pathic Trp residues will destabilize the DS
channels relative to their SS counterparts14;
one cannot neglect the importance of the
(membrane) environment for the grami-
cidin’s conformational preference.

O.S. Andersen1, H.-J. Apell2,
E. Bamberg3, D.D. Busath4, 

R.E. Koeppe II5, F.J. Sigworth6, 
G. Szabo7, D.W. Urry8 and 
A. Woolley9

1Department of Physiology and Biophysics,
Weill Medical College of Cornell University,
New York, NY 10021, USA. 2Department 
of Biology, Universität Konstanz, Konstanz,
D-78434, Germany. 3Max-Planck-Institut
für Biophysik, Frankfurt a.M., D-60596,
Germany. 4Department of Zoology,
Brigham Young University, Provo, Utah
84602, USA. 5Department of Chemistry
and Biochemistry, University of Arkansas,
Fayetteville, Arizona 72701, USA.
6Department of Cellular and Molecular
Physiology, Yale University, New Haven,
Connecticut 06510, USA. 7Department of
Molecular Physiology and Biological
Physics, University of Virginia Health 
Science Center, Charlottesville, Virginia
22906, USA. 8Gortner Laboratories,
University of Minnesota, St. Paul,
Minnesota 55108, USA. 9Department of
Chemistry, University of Toronto, Ontario,
Canada M5S 1A1.

1. Andersen, O.S. & Koeppe, R.E., II Physiol. Rev. 72,
S89–S158 (1992).

2. Busath, D.D. Ann. Rev. Physiol. 55, 473–501 (1993).
3. Urry, D.W. Proc. Nat. Acad. Sci. USA 68, 672–67

(1971).
4. Editorial, Nature Struct. Biol. 5, 749–750 (1998).
5. Burkhart, B.M., Li, N., Pangborn, W.A. & Duax, W.L.

Proc. Natl. Acad. Sci. USA 95, 12950–12955 (1998).
6. Urry, D.W., Goodall, M.C., Glickson, J.D. & Mayers,

D. F. Proc. Natl. Acad. Sci. USA 68, 1907–1911
(1971).

7. Bamberg, E., Apell, H.J. & Alpes, H. Proc. Natl. Acad.
Sci. USA 74, 2402–2406 (1977).

8. Bamberg, E. et al. Fed. Proc. 37, 2633–2638 (1978).
9. Szabo, G. & Urry, D.W. Science 203, 55–57 (1979).

10. Veatch, W.R., Mathies, R., Eisenberg, M. & Stryer, L.
J. Mol. Biol. 99, 75–92 (1975).

11. Weinstein, S., Wallace, B.A., Blout, E. R., Morrow,
J.S. & Veatch, W. Proc. Natl. Acad. Sci. USA 76,
4230–4234 (1979).

12. Wallace, B.A., Veatch, W.R. & Blout, E.R.
Biochemistry 20, 5754–5760 (1981).

13. Baño, M.C., Braco, L. & Abad, C. FEBS Lett. 250,
67–71 (1989).

14. Durkin, J.T., Providence, L.L., Koeppe, R. E., II &
Andersen, O.S. Biophys. J. 62, 145–159 (1992).

15. Arseniev, A.S., Lomize, A.L., Barsukov, I.L. & Bystrov,
V.F. Biol. Membr. 3, 1077–1104 (1986).

Gramicidin channel
controversy — the structure
in a lipid environment

Fig. 1 a, Primary sequence of gramicidin A. b, Schematic structures of SS and DS gramicidin dimers. c, Space-filling models of a SS (left)15 and a DS (right)4

gramicidin dimer (PDB codes 1GRM and 1AV2). In each model, the Trp residues in the two monomers are in yellow and green, respectively.
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