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ABSTRACT Defensins are cationic, cysteine-rich peptides
(Mr = 3500-4000) found in the cytoplasmic granules of neu-
trophils and macrophages. These peptides possess broad anti-
microbial activity in vitro against bacteria, fungi, tumor cells,
and enveloped viruses, and they are believed to contribute to
the "oxygen-independent" antimicrobial defenses of neutro-
phils and macrophages. Pathophysiologic studies in vitro have
pointed to the plasma membrane as a possible target for the
cytotoxic action of defensins. We report here that defensins
form voltage-dependent, weakly anion-selective channels in
planar lipid bilayer membranes, and we suggest that this
channel-forming ability contributes to their antimicrobial
properties observed in vitro.

Defensins are a family of small cationic peptides (Mr =
3500-4000) found in phagocytic cells of rabbits (1-3), guinea
pigs (4), rats (5), and humans (6, 7). These peptides possess
broad antimicrobial activity in vitro and are thought to
constitute a key element in the nonoxidative killing of foreign
organisms (for review, see ref. 8). Three lines of evidence
implicate the plasma membrane as the locus of defensin
action: (i) defensins induce leakage of K+ and other cellular
constituents (9, 10), (ii) membrane-depolarizing agents such
as carbonylcyanide m-chlorophenylhydrazone (CCCP) pro-
tect cells from defensins (11), and (iii) defensins are active
against prokaryotic cells, eukaryotic cells, and enveloped
viruses, but they are not active against nonenveloped viruses
(12, 13). Furthermore, features i and ii of defensin killing are
highly reminiscent of the bacterial cell killing induced by the
channel-forming protein toxins known as colicins (14). We
therefore sought to examine the interactions of the defensins
with membranes. Employing "solvent-free" planar phospho-
lipid bilayer membranes (15) as a model system, we report
here that defensins can form voltage-dependent, weakly
anion selective channels in lipid bilayer membranes. We
present data obtained for neutrophil peptide 1 (NP-1), a rabbit
defensin. Qualitatively similar results were found with the
human defensin HNP-1.

MATERIALS AND METHODS
Membranes were formed at room temperature from the union
of two monolayers of phospholipid (Avanti Biochemicals;
usually soybean phosphatidylethanolamine, soybean phos-
phatidylcholine, and bovine phosphatidylserine in a weight
ratio of 2:2:1) over a 100- to 200-,m hole in a Teflon partition
separating two aqueous phases. The hole was precoated with
a 2% solution of squalane (Fluka) in pentane. The salt
solutions contained 50 mM KCI, 2 mM Hepes [N-
(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)], and
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FIG. 1. Effect of NP-1 on lipid bilayer membranes. The current
through a lipid bilayer voltage clamped to -90 mV is shown as a
function of time. Initially, the current was nearly zero, reflecting the
low conductance (permeability to ions) of the membrane. At the first
arrow from the left, NP-1 was added to one side of the membrane to
a final concentration of 50 ,ug/ml. The current (and therefore
conductance) began to increase rapidly (downward deflection since
the current is in the "negative" direction). The voltage was then
reversed to +90 mV (second arrow) and instantaneously the current
flow was of equal magnitude but opposite sign. The current then
rapidly decayed to a value close to zero (broken line). Upon
switching back to -90 mV (third arrow), the current began to
increase again in the negative direction. This "turning on" and
"turning off' of the NP-1 induced conductance could be repeated
indefinitely.

1 mM MgCI2, all adjusted to pH 7.0. The solutions were
stirred continuously with magnetic stir bars. Membrane
formation was monitored by measuring membrane capaci-
tance. Voltages were applied by using a signal generator or a
battery-driven stimulator. Currents were measured with a
Keithly current amplifier and recorded on an oscilloscope
and chart recorder. Ag/AgCl electrodes were used routinely
to impose voltages and record currents across the membrane.
Agar salt bridges were employed for salt gradient experi-
ments. Membrane conductance (g) was calculated from
Ohm's law, g = I/V, in which I is current and V is voltage.
NP-1 and HNP-1 were purified to homogeneity as previously
described (6, 16).

Abbreviations: NP-1, rabbit neutrophil peptide 1; HNP-1, human
neutrophil peptide 1.
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RESULTS
Fig. 1 shows the effects of adding NP-1 (final concentration
50 ,ug/ml) to one side of a planar lipid bilayer composed of a
mixture of phosphatidylcholine, phosphatidylethanolamine,
and phosphatidylserine (2:2:1, wt/wt). The trace shows
membrane current as a function of time, with a voltage of -90
mV imposed across the membrane. (In our sign convention,
the side to which NP-1 was added is taken as ground. The
voltages given refer to the voltage of the side opposite to
NP-1.) Initially, there was little current flow, due to the
inherent impermeability to ions of lipid membranes, but after
addition of NP-1 (arrow) the current (and therefore conduc-
tance, g = I/V) increased dramatically. When the voltage
was held constant at -90 mV, the current continued to
increase rapidly until the membrane broke. Conductances as
high as 105 picosiemens (pS) were observed under these
conditions (data not shown). In the absence of defensins, g
was approximately 5 pS. Reduced and carboxymethylated
NP-1 (1), which is nontoxic (unpublished data), had no effect
on the membrane. Since membrane conductance reflects the
permeability to ions in the bathing solution such as Na+, K+,
or Cl-, we can conclude that NP-1 was able to increase the
ionic permeability of lipid bilayer membranes by at least four
orders of magnitude. NP-1 needed only to be added to one
side ofthe bilayer to exert this effect. Concentrations ofNP-1
required for lipid bilayer membrane activity (0.1-50 ,ug/ml)
are quite comparable to those required for in vitro antimi-
crobial activity (1-100 ,ug/ml). In the second half of Fig. 1
(second arrow), the sign of the membrane voltage was
reversed to +90 mV. Instantaneously, the current through
the membrane had equal magnitude, but opposite sign. Rap-
idly, the change in voltage stopped the increase in current and
caused a precipitous decrease in the membrane current.
When the voltage was returned to -90 mV, the current began
to increase again. This reversible "turning on" and "turning
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off" of the NP-i-induced conductance could be repeated
many times. Fig. 2 Left shows the current response of an
NP-1-treated membrane to a series of various voltage pulses.
The conductance was voltage dependent in two ways: (i) The
conductance appeared and increased only at negative volt-
ages. The conductance decreased at positive voltages. (ii)
The steady-state conductance increased exponentially with
increasingly negative values of the membrane voltage (see
Fig. 2 Right). For example, the steady-state conductance at
-100 mV was approximately 2.5 times the steady-state
conductance at -80 mV. The NP-1-induced conductance
usually reached a steady state within 15-30 min after the
addition of NP-1 to the chamber. To achieve a steady state,
the membrane had to be held for a prolonged period at a
negative voltage of sufficient magnitude to induce channel
formation (e.g., -70 to -90 mV).
The NP-1 conductance is due to formation of ion-per-

meable channels (Fig. 3). The single-channel conductance is
quite heterogeneous (Fig. 3), ranging from 10 to 1000 pS.
While certain conductance sizes appear more frequently, a
consistent observation has been that the mean single-channel
conductance appeared to increase with time after NP-1
addition. This may have reflected the formation of NP-1
channels containing progressively larger numbers of mole-
cules of NP-1. Similar single-channel heterogeneity has been
observed for other small peptide channel formers such as
mellitin (18), nisin (19), and Pep 5 (20).
NP-1-induced channel formation appeared to be a steep

function of NP-1 concentration (Fig. 4). When conductance
was plotted as a function of concentration on log-log axes,
slopes of 2-4 were obtained, suggesting that a multimer of
NP-1 is likely to form the channel.

Reversal potential experiments in gradients of NaCl and
KCI indicated that the NP-1 channel favored Cl- over Na'
and K+, although not exclusively so. A tenfold gradient of
NaCl (500 to 50 mM) resulted in a diffusion potential of 18 mV
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FIG. 2. (Left) Voltage dependence of currents induced by NP-1. Currents in response to a series of voltage pulses (±20, ±40, ±60, ±80 mV)
are shown for a membrane to which NP-1 had been added 20 min earlier to a final concentration of 50 ,ug/ml. Note that current "turns on"
at negative voltages and "turns off" at positive voltages. Note also that the rate of current turn-on was a steep function of voltage, increasing
sharply as the voltage became more negative. Similarly, the rate of turn-off increased as the voltage became more positive. Although current
could be completely turned off at early times after addition of NP-1, a voltage-independent current gradually developed. At long times (greater
than 60 min) after NP-1 addition, a voltage-dependent inactivation of current could sometimes be seen (data not shown) that was similar to the
inactivation observed with the ionophore monazomycin (17). This "inactivation" may represent reverse turn-off of channels that have been
translocated to the opposite side of the membrane as postulated for monazomycin. (Right) Semilogarithmic plot of steady-state conductance
induced by NP-1 as a function of voltage. At low concentrations (0.1-10 ,tg/ml) of NP-1, a steady-state conductance can be achieved. Data from
such a membrane are plotted. The linearity of these data shows that the steady-state conductance induced by NP-1 was an exponential function
of voltage, increasing e-fold for every 23.4 mV. This implies that NP-1 channels have an "apparent gating charge" of about 1, according to the
Boltzmann relation (14). Conditions were as in Fig. 1. (Inset) Current response to a membrane about 25 min after the addition of NP-1 to a final
concentration of 5 ,ug/ml. Note that the current at -90 mV reaches a steady state within 5 min (the break in the record represents about 2 min
of the trace which has been left out for compactness). The turn-off at +80 mV is also much slower and less complete than when the NP-1 was
first added. These are typical features of NP-i-induced conductances which develop about 30 min after addition of NP-1. The mechanism of
this time-dependent change is unknown.
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FIG. 3. Single-channel currents induced by NP-1. The conduc-
tance induced by NP-1 in lipid bilayers is due to the formation of ionic
channels. At low concentrations of NP-1 or during the final stages of
conductance turn-off, single-channel currents could be observed. A
heterogeneous population of single-channel currents was observed
and no single unitary size stood out. The traces show single-channel
currents from a single membrane held at -80 mV (top trace), -90 mV
(middle trace), and -100 mV (bottom trace). Channel openings are
seen as downward deflections in current. Note that the size of
single-channel events varies over a wide range, with larger events
predominating at higher voltages. One possible explanation of this
behavior is that channels may be formed by multimers of NP-1
molecules, and these multimers may have a wide variety of conduc-
tance levels. Lipids and solutions were the same as in Fig. 1. The
concentration of NP-1 was 5 /ig/ml.

(dilute side negative), indicating a permeability ratio of about
2.4:1 (Cl- to Na'). A tenfold gradient of KCI (500 to 50 mM)
resulted in a diffusion potential of 22 mV (dilute side nega-
tive). NP-1 was able to form channels in membranes formed
from phosphatidylethanolamine, phosphatidylcholine, phos-
phatidylserine, or mixtures of these purified lipids, indicating
that there is no apparent specific lipid requirement for
activity.

DISCUSSION
The evidence demonstrating that the peptides are the active
principals consists of the following. First, no channel activity
was observed in the absence of defensins. Each membrane
was stirred and held at -90 mV for 10 min before the addition
of peptides to assure a quiet, steady baseline current. Sec-
ond, the defensin preparations used were extremely pure as
judged by reverse-phase high-pressure liquid chromatogra-
phy, amino acid analysis, and polyacrylamide gel electro-
phoresis (e.g., see ref. 4). Third, reduced and carboxymeth-
ylated NP-1, which is non-toxic to cells, had no effect on the
membranes. Fourth, at least two different defensins, NP-1
(rabbit) and HNP-1 (human), can induce similar conduc-
tances and similar channels in lipid bilayer membranes. The
voltage dependence and concentration dependence of chan-
nel activity were also similar in these two distinct peptides.
Fifth, the concentrations of defensins required to obtain
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FIG. 4. Conductance vs. concentration plot for NP-1. The con-
ductance induced by NP-1 in a lipid bilayer is shown as a function of
the NP-1 concentration for two different membranes. The mem-
branes were held at a constant voltage with continuous stirring. NP-1
was added to one side of the membrane and the conductance was
measured 7 min later. Low concentrations of NP-1 (0.1-10.0,ug/ml)
were used so that a steady-state conductance could be achieved in a
relatively short time. The data on the left (o) are from a membrane
held at -90 mV. The data on the right (o) are from a membrane held
at -50 mV. In the absence of a negative voltage no NP-1-induced
conductance was observed. The slopes of the lines are 2.3 and 3.2,
respectively. Several other experiments all gave slopes between 2
and 4, suggesting that the NP-1 channel is formed by a multimer
containing 2-4 molecules of NP-1. Conditions were as in Fig. 1.

channel activity are nearly identical to the concentrations
required for cell killing in vitro. Taken together, these ob-
servations clearly indicate that the defensin peptides them-
selves are responsible for the observed channel activity.
The physiologic effects ofNP-1 described here seem highly

relevant to the cytotoxic mechanism of action of defensins
observed in vitro. (i) The broad spectrum of defensin anti-
microbial activity supports channel-mediated membrane per-
meabilization as a toxic mechanism. All organisms sensitive
to defensins are bounded by a plasma membrane, and non-
enveloped viruses are curiously resistant. The lack of a
specific lipid requirement we have observed for channel
formation is consistent with the broad spectrum (bacteria,
fungi, tumor cells, viruses) of defensin action. (ii) NP-1
channels form only at voltages (opposite side negative) which
correspond to the voltages defensin molecules would encoun-
ter at the target cell membrane. The steep voltage depen-
dence of channel formation in bilayers may explain the
observation that Escherichia coli that are growing aerobically
and/or have an "energized" membrane are most sensitive to
defensins (11). The observed voltage requirement also ex-
plains the "protection" of E. coli by agents such as carbon-
ylcyanide m-chlorophenylhydrazone that abolish the mem-
brane potential of the cell (11). (iii) Channel formation readily
accounts for the observed leakage of K+, o-nitrophenylga-
lactoside (ONPG), and other low molecular weight molecules
through bacterial cell membranes after defensin treatment.
Whether the lethal action of defensins consists of outward
leakage of vital cellular constituents such as K+ or Mg2+,
inward leakage of toxic ions such as Ca2+, depolarization of
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the membrane potential resulting in ATP depletion, or other
membrane-mediated pathways, awaits further study. Recent
experiments by Lehrer et al. (9) indicate that, in E. coli, inner
membrane permeabilization by HNP-1 occurs concomitantly
with loss of cell viability, suggesting that channel formation
in the E. coli inner membrane may be the lethal event in
defensin action.
An important question in the mechanism of defensin action

is how these peptides might gain access to the target cell
membrane. For fungi, enveloped viruses, and tumor cells,
this is not a problem, since the target membrane is exposed
to the environment. For Gram-negative bacteria, which pos-
sess a hydrophobic outer membrane, there is a significant
barrier to defensin access to the inner membrane. The ability
of defensins to permeabilize the outer membrane of Gram-
negative bacteria is described elsewhere (9).

Alterations in ion permeability have long been known to be
the basis of the cytotoxic action of agents such as the carrier
valinomycin (21). One of us (B.L.K.) has previously pro-
posed channel formation as the mechanism of action for the
much larger (Mr = 50,000-60,000) bacterial toxins known as
colicins (14) and the yeast killer toxins (Mr = 11,000) (22).
There is evidence for a similar mechanism of immune cell
killing of foreign organisms by lymphocyte-derived performs
(Mr = 70,000), eosinophil cationic protein, and complement
protein C9 (23, 24). A class of peptides (magainins), derived
from frog skin, which have antimicrobial action and possibly
comparable membrane effects has also been described (25,
26). The bacterial peptides Pep 5 and nisin (Mr = 3500) appear
to have antibacterial and channel-forming properties resem-
bling those of defensins (19, 20). Similar channel-forming
properties can also be observed in antibacterial peptides from
cecropia moths [cecropins, (27, 28)]. A more complete un-
derstanding of the role of channel-forming toxins in cytotox-
icity and immune defenses will require better knowledge of
how membrane permeabilization leads to cell death.
The ability of small peptides to perform complex physio-

logic functions such as voltage-dependent ion-selective trans-
port has been known for some time (29), but the molecular
mechanisms underlying ion transport remain obscure. Re-
cent evidence suggests that the functioning of small peptide
channels may be relevant for understanding the physiologic
properties of much larger protein channels (30). Unlike other
channel-forming peptides and proteins (31-41), defensins are
not helical in solution, nor are they able to assume a helical
conformation in the membrane (42, 43). Intriguingly, the
three-dimensional structure of the human defensin contains a
10-residue stretch of antiparallel p-sheet (43, 44), a config-
uration which has been proposed for the channel-forming
protein porin (45). The defensins' ability to form ion-
permeable channels suggests that nonhelical structures may
be important elements to consider in ion channel model
building. The availability of detailed three-dimensional infor-
mation about the defensins (43, 44, 46, 47) may help provide
a deeper understanding of structure-function relationships in
ionic channels.

We are grateful to Dr. G. Eisenman of the University of California-
Los Angeles Brain Research Institute for donating space and equip-
ment and to Mrs. Lis Greene for excellent technical assistance.
These studies were supported by grants from Pfizer, Inc. (B.L.K.),
the Veterans Administration (B.L.K.), the National Institute of
Mental Health (B.L.K.), the National Institute of Allergy and
Infectious Disease (R.I.L., M.E.S.), the National Heart, Lung and
Blood Institute (T.G.), and the Office of Naval Research (M.E.S.).

1. Selsted, M. E., Brown, D. M., DeLange, R. J. & Lehrer, R. I.
(1983) J. Biol. Chem. 258, 14485-14489.

2. Selsted, M. E., Szklarek, D. & Lehrer, R. I. (1984) Infect.
Immun. 45, 150-154.

3. Selsted, M. E., Brown, D. M., DeLange, R. J. & Lehrer, R. 1.
(1985) J. Biol. Chem. 260, 4579-4584.

4. Selsted, M. E. & Harwig, S. S. L. (1987) Infect. Immun. 55,
2281-2286.

5. Eisenhauer, P. B., Harwig, S. S. L., Szklarek, D., Ganz, T.,
Selsted, M. E. & Lehrer, R. 1. (1989) Infect. Immun. 57,
2021-2027.

6. Ganz, T., Selsted, M. E., Szklarek, D., Harwig, S. S. L.,
Daher, K. & Lehrer, R. 1. (1985) J. Clin. Invest. 76, 1427-1435.

7. Selsted, M. E., Harwig, S. S. L., Ganz, T., Schilling, J. W. &
Lehrer, R. 1. (1985) J. Clin. Invest. 76, 1436-1439.

8. Lehrer, R. I., Ganz, T., Selsted, M. E., Babior, B. M. &
Curnutte, J. T. (1988) Ann. Intern. Med. 109, 127-142.

9. Lehrer, R. I., Barton, A., Daher, K. A., Harwig, S. S. L.,
Ganz, T. & Selsted, M. E. (1989) J. Clin. Invest. 84, 553-561.

10. Patterson-Delafield, J., Szklarek, D., Martinez, R. J. & Lehrer,
R. I. (1981) Infect. Immun. 31, 723-731.

11. Lehrer, R. I., Barton, A., Daher, K. A., Harwig, S. S. L.,
Ganz, T. & Selsted, M. E. (1988) Blood 72, 507A (abstr.).

12. Lehrer, R. 1., Daher, K., Ganz, T. & Selsted, M. E. (1985) J.
Virol. 54, 467-472.

13. Daher, K., Selsted, M. E. & Lehrer, R. 1. (1986) J. Virol. 60,
1068-1074.

14. Schein, S. J., Kagan, B. L. & Finkelstein, A. (1978) Nature
(London) 276, 159-163.

15. Montal, M. (1974) Methods Enzymol. 32, 545-554.
16. Lichtenstein, A., Ganz, T., Selsted, M. E. & Lehrer, R. 1.

(1986) Blood 68, 1407-1410.
17. Heyer, E. J., Muller, R. U. & Finkelstein, A. (1976) J. Gen.

Physiol. 67, 731-748.
18. Tosteson, M. T. & Tosteson, D. C. (1981) Biophys. J. 36,

109-116.
19. Sahl, H.-G., Kordel, M. & Benz, R. (1987) Arch. Microbiol.

149, 120-124.
20. Kordel, M., Benz, R. & Sahl, H.-G. (1988) J. Bacteriol. 170,

84-88.
21. Ovchinnokov, Y. A. & Ivan-ov, V. T. (1982) in The Proteins,

eds. Neurath, H. & Hill, R. L. (Academic, New York), 3rd Ed.,
Vol. 5, pp. 563-573.

22. Kagan, B. L. (1983) Nature (London) 302, 709-711.
23. Young, J. D.-E., Peterson, C. G. B., Venge, P. & Cohn, Z. A.

(1986) Nature (London) 321, 613-616.
24. Young, J. D.-E., Cohn, Z. A. & Podack, E. R. (1986) Science

233, 184-190.
25. Zasloff, M. (1987) Proc. Natl. Acad. Sci. USA 84, 5449-5453.
26. Cruciani, R. A., Stanley, E. F., Zasloff, M., Lewis, D. L. &

Barker, J. L. (1988) Biophys. J. 53, 9a (abstr.).
27. Christensen, B., Fink, J., Merrifield, R. B. & Mauzerall, D.

(1988) Proc. Natl. Acad. Sci. USA 85, 5072-5076.
28. Bowman, H. G. & Steiner, H. (1981) Curr. Top. Microbiol.

Immunol. 94/95, 75-91.
29. Muller, R. U. & Finkelstein, A. (1972) J. Gen. Physiol. 60,

263-284.
30. Oiki, S., Danho, W. & Montal, M. (1988) Proc. Nati. Acad. Sci.

USA 85, 2393-2397.
31. Fox, R. 0. & Richards, F. M. (1982) Nature (London) 300,

325-330.
32. Wallace, B. A. & Ravikumur, K. (1988) Science 241, 182-187.
33. Langs, D. A. (1988) Science 241, 188-191.
34. Guy, H. R. (1984) Biophys. J. 45, 249-261.
35. Devillers-Thiery, A., Giraudat, J., Bentaboulet, M. &

Changeux, J.-P. (1983) Proc. Natl. Acad. Sci. USA 80, 2067-
2071.

36. Claudio, T., Ballivet, M., Parrick, J., Heineman, S. (1983)
Proc. Nati. Acad. Sci. USA 80, 1111-1115.

37. Noda, M., Takahashi, H., Tanabe, T., Toyosato, M., Furutani,
Y., Hirose, Y., Asai, M., Inayana, S., Miyata, T. & Numa, S.
(1982) Nature (London) 299, 793-797.

38. Finer-Moore, H. & Stroud, R. M. (1984) Proc. Natl. Acad. Sci.
USA 81, 155-159.

39. Guy, H. R. & Hucho, F. (1987) Trends NeuroSci. 10, 318-321.
40. Schofield, P. R., Darlison, M. G., Fujita, N., Burt, D. R.,

Stephenson, F. A., Rodriguez, H., Rhee, L. M., Ramachan-
dran, J., Reale, V., Glencorse, T. A., Seeburg, P. H. & Bar-
nard, E. (1987) Nature (London) 328, 221-227.

41. Lektin, A. & Osmol, M. (1986) Biophys. J. 49, 414a (abstr.).
42. Selsted, M. E. & Harwig, S. S. L. (1989) J. Biol. Chem. 264,

4003-4007.
43. Selsted, M. E., Hill, C., Pardi, A., Yee, J. & Eisenberg, D. S.

Biophysics: Kagan et al.



214 Biophysics: Kagan et al.

(1989) Abstracts of the Protein Society, Third Symposium
(Seattle, WA), S84.

44. Hill, C. P., Yee, J., Selsted, M. E. & Eisenberg, D. S. (1989)
Abstracts of the Protein Society, Third Symposium (Seattle,
WA), S83.

Proc. Nadl. Acad. Sci. USA 87 (1990)

45. Paul, C. & Rosenbusch, J. P. (1985) EMBO J. 4, 1593-1597.
46. Bach, A. C., Selsted, M. E. & Pardi, A. (1987) Biochemistry

26,4389-4397.
47. Pardi, A., Hare, D. R., Selsted, M. E., Morrison, R. D., Bas-

solino, D. A. & Bach, A. C. (1988) J. Mol. Biol. 201, 625-636.


