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ABSTRACT The water conductivity of desformylgramicidin exceeds the permeability of gramicidin A by two orders of
magnitude. With respect to its single channel hydraulic permeability coefficient of 1.1:107'2 cm® s™", desformylgramicidin
may serve as a model for extremely permeable aquaporin water channel proteins (AQP4 and AQPZ). This osmotic perme-
ability exceeds the conductivity that is predicted by the theory of single-file transport. It was derived from the concentration
distributions of both pore-impermeable and -permeable cations that were simultaneously measured by double barreled
microelectrodes in the immediate vicinity of a planar bilayer. From solvent drag experiments, approximately five water
molecules were found to be transported by a single-file process along with one ion through the channel. The single channel
proton, potassium, and sodium conductivities were determined to be equal to 17 pS (pH 2.5), 7 and 3 pS, respectively. Under
any conditions, the desformyl-channel remains at least 10 times longer in its open state than gramicidin A.

INTRODUCTION

Peptides may be synthesized with sequences corresponditaj properties, interactions, and dynamics of proteins and
to putative transmembrane domains of ion channel proteinkpids generally, and ion channels specifically, in biological
to serve after incorporation into lipid bilayers as models formembranes (Greathouse et al., 1999).

structural and functional studies (Marsh, 1996). Gramicidin Investigations of volume flow across the gramicidin
is used as a model for ion transport in biological membraneshannel have appeared to be very important for the inter-
because the structures formed by gramicidin are among theretation of results obtained with protein channels. The
best characterized of all membrane-bound polypeptides aransport of ions and water throughout most of the grami-
proteins (Ketchem et al., 1997). Using the gramicidin chancidin channel length occurs in a single-file fashion; that is,
nel as a model, it was, for example, tested whether a singlgations and water molecules cannot pass each other within
strand of water is kinetically competent to translocate prothe channel (for reviews see Finkelstein and Andersen,
tons at a rate sufficient to support known rates offg—  1981; Hladky and Haydon, 1984). Direct evidence was
ATP synthesis (Akeson and Deamer, 1991). Also, the impptained that the presence of a cation in the channel reduces
portance of membrane elastic deformations associated witfye hydraulic water permeability (Dani and Levitt, 1981a).
a protein conformational change can be evaluated usinghe number of water molecules coupled to the transport of
gramicidin (Andersen et al., 1999a). The correlation bene cation via gramicidin was found to be in reasonable
tween membrane tension and both the rate at which thﬁgreement with the channel length predicted from the pep-
gramicidin channel opens and its lifetime supports a phegige structure (Levitt et al., 1978; Rosenberg and Finkel-
n_omenological model of membra_ne el_asticity in which ten-stein, 1978a: Tripathi and Hladky, 1998). Following the
sion modulates the mismatch in thickness between thg,caqyre developed with gramicidin, the dimensions of the
gramicidin dimer and the membrane (Goulian et al., 1998),, 1o \vest part of other channels were estimated, e.g., of
By replacing tryptophan residues in gramicidin A with the i +_sejective channels from fragmented sarcoplasmic retic-
more polar 5-F-tryptophan, the interfacial location of theulum (Miller, 1982), of cardiac sarcoplasmic reticulum
amphipathic aromatic amino acid residues tryptophan an%a€+ release channels (Tu et al., 1994) or of cloned epithe-

tyrosine is shown to be significant for membrane protelnIial Na* channels incorporated into planar lipid bilayers

structure and function (Busath et al., 1998; Andersen et al'(lsmailov et al., 1997).

1998). The family of gramicidin channels has developed Assuming that the gramicidin channel walls are a repre-

into a powerful model system for understanding fundamen'sentative of uncharged polar protein surfaces, the hydraulic

single-channel permeability coefficieq, can be predicted
from the length of the channel,, the number of water
Received for publication 3 April 2000 and in final form 1 August 2000. molecules in the channé\|, their diffusion coefficientD,,,
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Volume Flow across Desformylgramicidin 2527

If it is assumed that (see, for example, Mathai et al., 1996}nd 1.6 mm were used. Gramicidin A (Sigma, Dreisenhofen, Germany) or
desformylgramicidin were added at both sides of the BLM from an eth-

L=272:10Ym-N, (2) anolic stock solution. Desformylgramicidin was synthesized by the proce-

dure of Weiss and Koeppe (1985). We note, however, that, with desformyl-

Dw = 24-10°cn’s ' and N = 5 (Rosenberg and gramicidin, we have been unable to achieve the very high purity that is
Finkelstein, 1978b; Pohl and Saparov, 2()00))f af 2 - characteristic of the uncharged gramicidins following multiple reversed-

10 B ecm3s ! is obtained for gramicidin. For gramicidin phase chromatographic purification steps (Weiss and Koeppe, 1985; Ko-

. . .. ppe et al., 1985; Andersen et al., 1998).
channels imbedded in phospholipid membranes, the expe? All experiments were carried out at room temperature (23-24°C). The

imentally determined Vall;'e is one order of magnitUdeaqueous solutions of choline chloride (Merck, Darmstadt, Germany) were
smaller (Rosenberg and Finkelstein, 1978b; Pohl and Sapauffered with 20 mM Tris (Fluka, Buchs, Switzerland).
rov, 2000).

Discrepancies between the single-channel permeabilitw ter fl "
coefficient predicted from the theory (Eq. 1) and the exper- ater flux measurements
imental value have also been observed for Aquaporin 4, @smotic gradients were imposed by urea (Laborchemie Apolda, Apolda,
water-channel protein (Yang et al., 1997). Similar to gram-Germany). This osmolyte has negligible effect on bulk viscosity. A mem-
icidin. the aquaporins represent narrow channels Whererane doped with gramicidin is impermeable for urea (Finkelstein, 1987).
tran ’ rt r inale-fil r Walz et al.. 1994 Iso in the experiments with desformylgramicidin, urea was assumed to be

anspo .OCCU Sasasing ?- ep .o.cess ( aizetal, 1 nonpenetrating solute, which is completely reflected by the membrane.
Aquaporin channel proteins facilitate water moven_]entThe transmembrane water flow leads to accumulation of solutes on one
across the plasma membrane (Preston et al., 1992) with aiitle of the membrane and depletion on the other (Fettiplace and Haydon,
unparalleled selectivity for water over ions. Failure to per-1980). From the resulting concentration distribution of an impermeant ion,
mit entry of uncharged solutes such as urea may be dete?ifx)’ the velocity of transmembrane water flow, can be calculated (Pohl

. . . . et al., 1997),
mined by the pore size, however this does not explain the )
failure to transport protons and cations that may be due to —vx ax
electrical filtering (Zeidel et al., 1994). G() = CGsexp -~ F 35 |

To gain more insight into the molecular mechanism of
single-file water transport, gramicidin derivatives designeowhereci,S andD,; are the surface concentration and the diffusion coefficient
to have a higher water selectivity than gramicidin A may beof the impermeant solute, respectively. Eq. 1 may be applied only in a

ful. After i duci . h . h region close to the membrane, where the product of the stirring parameter,

very use ul. A _er Intro ucmg' a positive charge into the a, and the square of the distanog,to the membrane is smaller than the
gramicidin peptide by synthesizing a desformyl compoundyelocity of transmembrane water flow,
we have investigated the accompanying changes in water, The transmembrane flux of a permeant idg, can be found both from
cation, and proton permeabilities. Earlier, this derivativethe transmembrane current and from its near-membrane concentration
was reported to have cation permeability that is four orderdistiution.cis, provided thaw is known (Pohl and Saparov, 2000):
of magnitude smaller than that of gramicidin A (Goodall, I Jin o
1971), whereas the proton conductivities of both peptides G(X) = v TG )E o, (4)
are similar (Bezrukov et al., 1984). Now we have measured
the single-channel permeability for protons, potassium, an&a. 2 works in a region very close to the membrane, where the condition
water. Although desformylgramicidin has a higher water¥t = ax is fulfilled. It is assumed that the concentration of the permeable

. T s . solute,c,, reaches the value, ; at the membrane surface € 0).
selectivity than gramicidin A, it is still far below the ex In the immediate vicinity of the membrane, the spatial distributions of

treme' water select.ivity_reported for aq.u.aporins. The mOoStoth permeant and impermeant ions were monitored simultaneously. The
plausible explanation is that the positive charge of theexperimental arrangement was similar to the one described previously
N-terminus is located at the membrane surface rather than i#ntonenko et al., 1993; Pohl et al., 1993). In brief, a double-barreled

the center of a channel formed by dimers. In contrast to th@icroelectrode and a reference electrode were placed atahgside of
the BLM. The ion sensitivity was achieved by filling both glass barrels

hypothetlcal double-stranded dimer structure of the des\?Vith ionophore cocktails (Sodium lonophore Il Cocktail A, Calcium lono-

formyl Qhannelv gramicidiltl A forms a head-to-head dimerpypore | Cocktail A, and Potassium lonophore | Cocktail B, Fluka, Buchs,
of two single-strande@-helices (for review see Andersen et Switzerland) according to the procedure described by Amman (1986).
al., 1999b) that is connected by six hydrogen bonds betweerheir tips had a diameter of 1-2um.

the formyl N-terminals (Koeppe and Andersen, 1996). Voltage sampling of ele_ctrode potentials was performed by two elec-
trometers (Model 617, Keithley Instruments Inc., Cleveland, OH) con-

nected via an IEEE-interface to a personal computer. The double-barreled

()

microelectrode was moved perpendicular to the surface of the BLM by a
MATERIALS AND METHODS hydraulic microdrive manipulator (Narishige, Tokyo, Japan). The touching
Membranes of the membrane was indicated by a steep potential change (Antonenko and

Bulychev, 1991). From the known velocity of the electrode motiopi(2
Planar black lipid membranes (BLMs) were formed from a 20-mg/ml s™%), the position of the microsensor relative to the membrane was deter-
solution of diphytanoyl phosphatidylcholine (DPhPC, Avanti Polar Lipids, mined at any instant of the experiment. Artifacts due to the slow electrode
Alabaster, AL) inn-decane (Mueller et al., 1963). They were spread acrossmovement are unlikely because the response of the electrode potential to
a circular hole in a diaphragm separating two aqueous phases of a polgoncentration changes occurred comparatively fast, i.e., the 90% rise time
tetrafluorethylene chamber. Two different apertures with diameters of 0.&as below 0.6 s. Nevertheless, possible effects of time resolution or
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distortion of the unstirred layer were tested by making measurements while 4 44
moving the microelectrode toward and away from the bilayer. Since no ¢ 100
hysteresis was found, it can be assumed that an electrode of appropriate 4 g5 _\+3° mv f

time resolution was driven without any effect on the USL. The accuracy of _. N

the distance measurements was estimated ta-b& um. During the E 100 =
experiments, the buffer solutions were continuously agitated by magnetig 7
stirrer bars. T 095 et

[Ca™] (M)

o

-100

4020 0 20 40]
U (mv)

I (pmol cm? s“)

0.90 ¢
Measurements of transmembrane current and

membrane conductance 1.10

To monitor the current under short-circuited conditions, Ag/AgCl-pellets _ ; 5
that were connected to a picoamperemeter (Model 428, Keithley Instru-%
ments Inc., Cleveland, OH) were immersed into the bathing buffer solu-~ 4
tions at both sides of the membrane. The amplified signal was visualized<
by a voltmeter. 095
Membrane conductance was monitored just before and just after the
volume flux measurement. Two pairs of electrodes were exploited. The g,
first pair of Ag/AgCI pellets was used to record a current step. A 1-kHz
square wave input voltage (source: Model 33120A, Hewlett-Packard, distance (um)
Loveland, CO) was applied to the membrane. The output signal was first
amplified by a picoamperemeter (Model 428, Keihley Instruments INC)FIGURE 1 Representative calcium and potassium concentration distri-
and than transferred to an oscilloscope (model TDS 340, Tektronix Inc.pytions in the vicinity of planar membranes containing desformylgramici-
Wilsonville, OR). Through the second pair of pellets, the resulting potentialgin and gramicidin A channels. The profiles were recorded in the hyper-
difference was recorded by an operational amplifier (AD549, Analogignic compartment (0.8 M urea) under short-circuited conditions. The
Dev_ices, Norwood, MA) and displayed on the second channel of theyater flux across both the lipid bilayer and the peptide channels swept
oscilloscope. solute away from the membrane. The water fld,., introduced by the
porous pathway did not depend on the transmembrane potential applied. As
. calculated from the Cd concentration profiles, gramicidin A accounted
Single-channel conductance measurements for 0.1 umol cm 2s* and desformylgramicidin for mol cm 2s™* of
For single-channel current measurements, a small fragment of the men%c-)tal water flux. The voltage-depen_dent potassium ion fludgs,across
é)oth types of channels were obtained from the transmembrane current

brane was electrically isolated from the rest of the bilayer as described itv | = 3 2F d th tration distributi fth
earlier (Antonenko and Pohl, 1998). In brief, a glass pipette was placed o oNSIYs! = mZ T measured.{) and the concentration distribution of the

the cis bilayer surface where it formed a stable gigaohm seal. Before theoermeable ion (Eq. ). The buffer solutions contained 20 mM TRIS, 150

. . o . mM choline chloride, 1 mM KCI, and 10uM Ca&*. pH was 8.4.
experiments, the tips of the glass capillaries had been thinned by a pu”e(I'Sramicidin A and desformyl-gramicidin concentrations were 12.5 and 740
(model PP-83, Narishige) to a diameter of aboyirh. To approach the V-9 ’

bilayer, the pipettes were moved perpendicular to the surface of the BLIng/mI' respectively.
by a hydraulic microdrive manipulator (Narishige). The touching of the
membrane was observed with the help of a microscope. Reference elec-

trodes were inserted into the pipette and into the buffer solution atahe square residuals the program SigmaPlot was ugecbn-

side of the BLM. Tq monitor th_e current across the volt:?\ge—clampedsists if two terms, the velocity of water flow across the lipid,
membrane fragment inside the pipette, a patch-clamp amplifier was used

(EPC-9, HEKA Electronics, Lambrecht, Germany). The sampling fre-v" and across the channély,
quency was fixed at 0.5 kHz. The recording filter was a 4-pole Bessel with _ _ _
3-dB corner frequency of 0.1 kHz. The acquired raw data were analyzed Iw = VilVw s+ we v+ AVMy, (5)

with the help of the'TAC softwarg papkage (Bruxton Corporgtion, Seattle,where V,, is the partial molar volume of water. In the
WA). To reduce noise, a Gaussian filter of 37 Hz was applied.

example shown in Fig. 1, gramicidin A accounts for 0.1
wmol cm %s™%, desformylgramicidin for Jumol cm %s™*
RESULTS of total water flux.J,,, did not depend on the transmembrane
potential applied. Because most of the channels are ion free
at the low salt concentration chosen, this result was ex-
pected. Across both types of channels, a voltage-dependent
Insertion of both gramicidin A and desformylgramicidin potassium ion flux was observed (Fig. 1) as calculated
channels into the planar bilayer enhanced the initial osmotiaccording to Eq. 2 from, and the concentration distribution
water flux, Jy,, as revealed by the large polarization of of the permeable ion. The transmembrane ion movement
membrane-impermeable calcium ions observed in the iminduced by a small potential of only 20 mV was sufficient
mediate membrane vicinity (Fig. 1). The additional waternot only to compensate for the solute dilution at the hyper-
flux that is introduced by the porous pathwa, . was osmotic side of the membrane but also to mediate an accu-
calculated from the C& concentration profiles. Therefore, mulation of the solute (Fig. 1). Obviously, the desformyl
vV, was obtained by fitting the parametric Eq. 1 to thechannel exhibits a larger water permeability than the gram-
experimental data set. For the minimization of the leasicidin channel, whereas the ionic conductance seems to be

[Ca™] (uM)

Water and ion fluxes across
desformylgramicidin channels
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comparable. From the data shown in Fig. 1, an exact quarpipette to the BLM enabled single-channel recordings (Fig.
titative comparison of the hydraulic and ionic conductivities2 A). The channel activity of desformylgramicidin under
of gramicidin A and desformylgramicidin is not possible. these conditions is characterized by current bursts flickering
Due to the large polarization effects that develop in awith a duration time of tens of seconds and records of silent
steady-state electric field, the membrane conductivity ipatch (the end of the record in FigA2. The fraction of time
underestimated. Therefore, the latter does not reflect thepen during the burst is rather high (about 0.8). As calcu-
number of open channels that is usually obtained as the ratiated from the histogram (Fig. &), the probability of the
of the membrane conductance and the single-channel cochannel being in the open statg,was equal to 0.5. It was
ductance. To overcome this limitation, in the following found as the time open divided by the entire duration of the
experiments, membrane resistance is derived from shorecord (here 32 s). Single-channel conductance was 17.0 pS.
current pulses (Figs. 5—8). Additionally, the single-channelSingle-channel current depends linearly on the applied volt-
conductivity of the desformylgramicidin channel is moni- age (Fig. 2B).
tored and compared with the one of gramicidin channel To compare the proton-conducting activities of des-
(Figs. 2—4). formylgramicidin and gramicidin A, current traces were
recorded under identical conditions (Fig. 3). At an aqueous
concentration of 2 nM, gramicidin A induced an integral
membrane conductance of approximately 0106 Q1.
Voltage clamp (U= 100 mV) measurements were under- Again, a patch pipette was attached to the BLM to monitor
taken in an acidic medium (pH 2.5) containing 100 mM the current across single channels (Figd)3Conductance
choline chloride. At an aqueous concentration of 10 nMand corresponding average duration time of the predomi-
desformylgramicidin, the integral conductance of the lipidnant transitions were 25 pS and 0.30 s, respectivelyas
bilayer was approximately 310 ¢ Q). Attaching a patch equal to 0.1, i.e., the open-state probability of gramicidin A
is smaller than the one of desformylgramicidin (see Figs.

Proton permeability of desformylgramicidin
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FIGURE 2 @) Experimental record of proton current through des- FIGURE 3 () Experimental record of proton current through gramici-
formyl-gramicidin channels. In the corresponding histograquére$, the din A channels. In the corresponding histograsguare$, the event
event number versus the conductance levels is shown. The Gaussian fiumber versus the conductance levels is shown. The Gaussiaolfd (
(solid line) returns mean peaks at 0.81 pA (baseline) and 2.50 pA (one opefine) returns mean peaks at 0.22 pA (baseline) and 2.71 pA (one open
channel). The membrane patch was clamped at a voltage of 100B)V. ( channel). The membrane patch was clamped at a voltage of 100BpV. (
Voltage dependence of single-channel current. The solution contained 10@oltage dependence of single-channel conductance. pH of the 100 mM
mM Choline chloride and 10 nM of the channel-former. pH of 2.5 was choline chloride solution was 2.5. Gramicidin A was added in a concen-
adjusted by addition of HCI. tration of 2 nM.
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2 A and 3A). At least in part, this difference is responsible upper edge of Fig. A. Similar to usual channel activity, the

for the higher integral conductivityG, required to measure time-distribution histogram shows two peaks corresponding

single desformylgramicidin channels. to a channel amplitude of 0.53 pA. The latter can be attrib-

uted to long-life single channels of desformylgramicidin.
From the ratio of patch and single-channel conductances,

the number of open channels shown in the record (F&). 4

In contrast to single proton-conducting channels, singlés calculated to be-26. About 30 s (average over 19 events)

potassium or sodium channels were not observed with deslapses between channel opening and subsequent channel

formylgramicidin. This finding is in line with results re- closing. The conductance of the desformyl channels is a

ported earlier by Bezrukov (1984). The authors were unablénear function of the applied voltage (Fig B}, the average

to attribute the current fluctuations they have observed teonductivity being 7 pS. Measurements in 100 mM NaCl

any desformylgramicidin channel activity. With increasing solutions exhibited qualitatively similar results. A single-

peptide concentration, we now have detected an increasinghannel conductance of 3 pS was obtained (data not shown).

patch conductance. A representative record of current

through a patch is presented in FigA4At a current level

of about 14 pA (the transmembrane voltage was equal t@ingle-channel hydraulic permeability coefficient

100 mV) two qualitatively different events can be distin- . L o
guished: fast flickering that corresponds to repetitive openChannel insertion into a short-circuited membrane was ac-

ings and closings of a channel and long-lasting (measurabfg®MpPanied by an increase of the osmotically induced near-

in minutes!) current steps; an example can be seen in th@€mbrane polarization of both the permeable and imper-
meable cations (Fig. 5). The flux of the monovalent ion

across the desformylgramicidin channel was too small to

compensate for the dilution occurring due the water flux.
20s 2 pA | With gramicidin A, the opposite phenomenon had been
observed. Due to the overwhelming increase in cation con-
ductance, the concentration gradients of the monovalent
cations dissipated at a very large channel density (Pohl and
Saparov, 2000). This observation allows one to conclude
that desformylgramicidin facilitates water movement more
efficiently than does gramicidin A. The hydraulic mem-
brane conductivity of the membranig;, is represented as
the sum of the water permeabilities of the lipid bilayey,,

Cation permeability of desformylgramicidin

13 14 15
amplitude (pA
B P (PA) 120
2r 110
< = s
Z 2 100 §
& — =
[} +ﬂ§ N(U
2r 2 o 8
=
§ = 80
®©
: L1 70
0r 0 200 400
| 1 | [
0 100 200 300 distance (um)
U (mV) FIGURE 5 Osmosis-mediated dilution of two different solutes in the

membrane vicinity under short-circuited conditions. The dotted line de-
FIGURE 4 (@) Experimental record of potassium current through des- notes profiles near the unmodified bilayer. After insertion of desformyl-
formyl-gramicidin channels. In the corresponding histograquére$, the gramicidin, the polarization of both €aand Na increases. The augmen-
event number versus the conductance levels is shown. The Gaussian fétion of the desformylgramicidin concentration is indicated by the length
(solid line) returns mean peaks at 14.30 pA (baseline) and 14.82 pA (onef the dashes reaching a maximum (Lg/ml) with the spline line. The
additional open channel). The multiple channel-containing membranéuffer solutions contained 20 mM TRIS, 150 mM choline chloride, 1 mM
patch was clamped at a voltage of 100 mB) {oltage dependence of NaCl, and 100uM Ca®*. pH was 8.4. 0.8 M urea was added to the
single-channel conductance. The solution contained 100 mM KCI. trans-compartment.
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and of the channeP . Competition of ion and water flow
v, Av A difference between K or Na* bulk concentrations at the
Pr =Py + P = + : (6)  hypertonic and the hypotonic sides of the membrane was
XCOSmVW XCOSmVW

established to compensate for both solute accumulation on

wherey andc,,are the osmotic coefficient (0.93 for urea) one side of the membrane and depletion (record I in Figs. 7
and the near-membrane concentration of the solute used &d 8) on the other side, which accompany water movement
establish the transmembrane osmotic pressure differenc@cross the membrane. The bulk concentration in the hyper-
respectively. Plotting?; . as a function of the corresponding 0smotic compartment was adjusted to get equal cation con-
electrical membrane conductivit@, allows finding of the ~ centrations at both membrane/water interfaces (record Il in

single-channel hydraulic permeability coefficiepg,forthe ~ Figs. 7 and 8). This procedure was repeated for different

desformylgramicidin pore (Fig. 6): osmolyte concentrations (record Il in Fig. 7 and records 11l
and IV in Fig. 8). The transmembrane ion flux measured in

PA  PiAg the absence of concentration gradient across the membrane,
=" =" (7) Jm. is due solely to solvent drag. The number of water

molecules that are required to drag one ion across the
whereA is the membrane area (Finkelstein, 1987). From thechannel can be derived from their transmembrane ion flux
slopes of the linear regressions in 1 mM NaCl or K@, measured along with membrane conductivity (Pohl and
was found to be equal to 1.0 and 1:3L0 " cm’s™*,  Saparov, 2000):
respectively. For the calculations according to Eq. 6, the
measured single-channel conductance was corrected for the It = RTxCosnVuNGIZF2, (9)
lower electrolyte concentration used in our experiments

according to Neher et al. (1978). For 1 mM NaCl and KClI,

a single-channel conductance of 0.07 and 0.13 pS, respec- 100
tively, was assumed. Becausg., cannot be measured
directly, it was derived fronc,g, ¢, Dosny @and D;, the —
near-membrane and bulk concentrations of the impermeable % 9
cation, the diffusion coefficients of the osmolyte and the &
. . . v
impermeable cation, respectively (Pohl and Saparov, 2000): O g
2
3| Di Cpo| Cosm,b
(570 R Ay ® 85 -
osm 1,S 'osm
./ R
110—|”>/ e T T
T — / ~ -
= ~
150 L ] £ 1.05F )
¥,

2 . 1.00 -

£ 100 - /’“"’~

2

2 sl i 0.95 | ) ,

0 200 400 600
0 4 distance (um)
| | |
0.0 05 10 15 FIGURE 7 Number of water molecul@that are transported in single-
) file fashion along with one potassium ion across the desformylgramicidin
G (mS/em®) channel. Under short-circuited conditions (experiment 1) potassium (1 mM

in the cis andtrans bulk solutions) is dragged by the osmotic water flow
FIGURE 6 Determination of the single-pore water permeability coeffi- across desformylgramicidin channels and flows along its concentration
cient. From calcium concentration profiles obtained during three runs ofgradient §pline ling. The latter is zero after the bulk concentration of KCI
the experiment shown in Fig. 5 and two analogous experiments in whictat the hypertonic side had been augmented to 1.1 mM (experiment II).
sodium @) was substituted for potassiumlf, the desformylgramicidin-  After an increase of the urea concentration from @81t M in the
mediated increase in the hydraulic membrane conduct@nceas calcu-  hypertonic compartment, a true solvent drag situation was found again at
lated. Based on the membrane conducta@cmeasured and the single- a potassium concentration of 1.4 mM (experiment Ill). With respect to the
channel conductance determined earlier (Fig. 4), the single-pore watesimultaneously measured membrane conductivity of 0.2 mSZ2gcrthe
permeability coefficient was derived to be- 1072 cm®s™* (@) or 1.3+ number of water molecules moving along with one cation is calculated to
102 ems™ (O)). be 4.5 from experiments Il and Il
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of water permeation (Yang et al., 1997). However, the

100 finding that desformylgramicidin also does not fit into the
current pore model of single-file transport (Eqg. 1) questions

g ¥ the explanation given for the high hydraulic conductivity of
2 AQP4, i.e., the hypothesized need for protein assembly in

& 90 orthogonal arrays (Yang et al., 1997).

S5 Differences in pore structure between gramicidin and
85 1~ desformylgramicidin channels may be supposed to account

for the higher water permeability of the latter. However,

80 gramicidin A is assumed to impose negligible resistance to
water movement within the pore. In molecular dynamics

145 v simulations, the overall water permeation rate was found to

13t ] be much lower than it would be if there were no significant
% ///” resistance beyond that of the channel lumen itself (Chiu et
~ 12 ‘// N al., 1999). Assuming that the divergence between the water
z 11L //// permeabilities through gramicidin channels imbedded into
o phospholipids (Rosenberg and Finkelstein, 1978b) and

1.0 : glycerols (Dani and Levitt, 1981b) is due to the net different

09 /./1‘ hydration environment for water just outside the channel
o 200 400 600 mouth in the two environments (Chiu et al., 1999), a posi-

tive charge at the channel mouth could be hypothesized to
contribute to the large hydraulic conductivity of the peptide.
FIGURE 8 Number of water moleculds transported along with one Only if the desformyl channel adopts a double-stranded

sodium ion. The experiment from Fig. 7 was repeated substitutingiota ~ conformation (Fig. 9), the positive charge of the N-terminus
K*. Pseudo solvent drag that was observed under these conditions (expesould be located at the channel entrance and could alter the
iment 1) disappeared after augmenting tians NaCl concentration t0  yate at which water can transform its hydration environment
1.16, 1.28, and 1.34 mM at 0.8 (experiment Il), 1 (experiment Ill), and 1.2
(experiment IV) M urea. The amount of sodium iodg that is dragged
through the membrane with conductari@és proportional to the effective
osmotic gradient,,,, (see inset). From the slop&l was calculated to
be 4.8.

distance (um)

From the potassium (Fig. 7) and sodium (Fig. 8) fluxes
measured under these conditions, respectively,#4.6.3
and 4.8+ 0.3 (4 independent experiments for each ion),
water molecules were found to be transported simulta-
neously with one ion through the channel.

DISCUSSION

Desformylgramicidin was found to exhibit a higher water
selectivity than did gramicidin A, i.e., their ratios of water to
ion conductivities differ by about two orders of magnitude.
The difference does not result from deviations in the single-
channel ion conductance but rather from the large single-
channel water permeability coefficient of desformylgrami-
cidin. The transport rate of 1:110 % cm®s™ 1 is five times
greater than the maximum single-channel water permeabil-
ity predicted from Eqg. 1. The peptide shares the unusual
high water permeability with human AQP4 aril coli
AQPZ water channel proteins (Yang and Verkman, 1997FIGURE 9 Desformyl derivatization of gramicidin A. The removal of
Borgnia et al., 1999). Also, for AQP4, the simplistic equa- the formyl group (-HG=0) gives a plus charge at the N-terminal of the

. . . . . . . . peptide. It is represented by the -jHshown in the figure. Theoretically,
tions derived for idealized cylindrical, noninteractive water = jicco o folding motives can form the active channd) wo single-

pores were therefore found to be probably inadequate tQranded helices orBj a double-stranded helix. Indirect evidence was
provide useful information about the molecular mechanisnobtained that favors the configuration showrBin
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from that of the channel interior to that of the exterior, and a protonophore-dependent membrane potential—comparison of the
thereby lowering the access resistance for water. methods Biochim. Biophys. Actal070:279-282.

- ntonenko, Y. N., G. A. Denisov, and P. Pohl. 1993. Weak acid transport
The double-stranded dimer was SqueSted to form thé across bilayer lipid membrane in the presence of buffers—theoretical

active channel based on mitochondria uncoupling mediated and experimental pH profiles in the unstirred layeBsophys. J.64:
by desformylgramicidin (Rottenberg and Koeppe, 1989). 1701-1710.

This is plausible because it is energetically unfavorable td\ntonenko, Y. N., and P. Pohl. 1998. Coupling of proton source and sink
bury the positive N-termini into the hvdroohobic membrane via H'-migration along the membrane surface as revealed by double
y p ydrop patch-clamp experimentSEBS Lett.429:197-200.

environment and to bring them close together in the meMgezrukov, S. M., A. 1. Irkhin, and E. Melnik. 1984. Desformylgramicidin
brane-spanning channel, i.e. in the case of desformylgrami- a proton selective channaiol. Membrany.1:659—665.
cidin, a head-to-head dimer of two single-stranded helices i§orgnia, M. J., D. Kozono, G. Calamita, P. C. Maloney, and P. Agre. 1999.

. . .. Functional reconstitution and characterization of AQPZ, Ehecoli
unlikely. In the absence of independent structural data, this | . "2 2 proteirl. Mol. Biol. 291:1169-1179.

hypothesis cannot be .co-nS|dered proven_. However, in thgusath, D.D., C. D. Thulin, R. W. Hendershot, L. R. Phillips, P. Maughan,
present work, several indirect arguments in favor of such a c. b. Cole, N. C. Bingham, S. Morrison, L. C. Baird, R. J. Hendershot,
folding motif are obtained: M. Cotten, and T. A. Cross. 1998. Noncontact dipole effects on channel

permeation. |. Experiments with (5F-Indole)Trp(13) gramicidin A chan-
1. The failure of the desformylgramicidin peptide to ex- nels.Biophys. J.75:2830-2844.

clude protons and cations from penetrating the channe@hi“' S. W., S. Subramaniam, and E. Jakobsson. 1999. Simulation study of
a gramicidin/lipid bilayer system in excess water and lipid. Il. Rates and

suggests '_[ha_t the positive charge of the N-terminus is Not mechanisms of water transpoRtiophys. J.76:1939—-1950.
located within the narrow pore. Dani, J. A., and D. G. Levitt. 1981a. Water transport and ion—-water
2. The desformylgramicidin derivative exhibits a long interaction in the gramicidin channdiophys. J.35:501-508.

channel lifetime (Figs. 2 and 4) that is similar to chiral Pani.J. A., and D. G. Levitt. 1981b. Binding constants of LK™, and TI"
. hed icidi The | K f in the gramicidin channel determined from water permeability measure-
mismatched gramicidins. e latter are known to form ments.Biophys. J.35:485—499.

also double-stranded heterodimers (Durkin et al., 1992)pyrkin, 3. T., L. L. Providence, R. E. Koeppe, and O. S. Andersen. 1992.
3. Finally, fast flickering of single-channel conductance Formation of nong®®helical gramicidin channels between sequence-
also is observed for double-stranded channels of grami- Substituted gramicidin analogudsiophys. J62:145-157.

. . . . Fettiplace, R. and D. A. Haydon. 1980. Water permeability of lipid mem-
cl:lsc)igﬂ?;’-\ itself in very thick membranes (Mobashery et al., branes Physiol. Rev60:510—550.

Finkelstein, A. 1987. Water Movement through Lipid Bilayers, Pores, and
S .. ith . hiah sinale-ch | Plasma Membranes. Wiley and Sons, New York. 42—749.
ummarizing, with respect to its very high single-channel; cisiein, A, and 0. S. Andersen. 1981. The gramicidin A channel: a
hydraulic permeability, desformylgramicidin may serve as a review of its permeability characteristics with special reference to the
model for extremely permeable natural water-channel pro- single-file aspect of transpod. Membrane Biol59:155-171.
teins (AQP4 and AQPZ). The mechanism responsible fofsoodall, M. C. 1971. Thickness dependence in the action of gramicidin A

the low access resistance to water remains to be analyzed’" lipid bilayers.Arch. Biochem. Biophys47:129 -135.
y oulian, M., O. N. Mesquita, D. K. Fygenson, C. Nielsen, O. S. Andersen,

with closely related gramicidin analogues. and A. Libchaber. 1998. Gramicidin channel kinetics under tension.
Biophys. J.74:328-337.
Greathouse, D. V., R. E. Koeppe, L. L. Providence, S. Shobana, and O. S.
Financial support of the Deutsche Forschungsgemeinschaft (Po 533/2-2; Andersen. 1999. Design and characterization of gramicidin channels.
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