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Summary. The major intrinsic protein (MIP26) of bovine lens 
membranes, purified by HPLC, was incorporated into liposomes 
and planar bilayers. Permeability of MIP26 channels was studied 
in liposomes by a spectrophotometrie osmotic-swelling assay, 
and channel electrical properties were monitored in planar bilay- 
ers following liposome fusion. Particle formation in liposomes 
was determined by freeze fracture. MIP26 channels were perme- 
able to KC1 and sucrose. In planar bilayers, channel-conduc- 
tance transitions were observed only after addition of liposomes 
to both chambers and with voltages greater than -+20 inV. Chan- 
nel open probability decreased progressively as voltage in- 
creased, and an open probability of 50% was at 60-80 mV, indi- 
cating that the channels are voltage dependent. Histograms of 
single-channel current amplitudes at 80 mV showed a Gaussian 
distribution that peaked at 10 pA (-120 pS), after subtraction of 
1 pA baseline current. Frequency distributions of open and 
closed times at 80 mV were single exponential functions with 
time constants of 0.13 and 1.9 sec, respectively. Open time con- 
stants ranged from 0.1 to 0.3 sec, and closed time constants 
ranged from I to 7 sec. Cs + did not decrease conductance, but 
reduced mean open time from 0.2 to 0.038 sec and mean closed 
time from 1.5 to 0.38 sec. The increase in channel flickering with 
Cs + occurred in bursts. TEA affected neither conductance nor 
kinetics. Channel events were also observed in Na + solutions 
(zero K+). These data indicate that MIP26 channels are not K +- 
selective channels. Channel characteristics such as: permeability 
to molecules larger than small ions, conductance greater than 100 
pS, long open and closed time constants, etc., are similar to 
those of gap junction channels. 
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Introduction 

The eye lens, being an avascular tissue with a nar- 
row extracellular space and transport enzymes re- 
stricted almost entirely to the most superficial cells, 
requires an extensive network of cell-to-cell com- 
munication for bidirectionally transferring ions and 
metabolites between deep and superficial fiber cells. 
Fiber-to-fiber communication is provided by junc- 
tions with a structure similar to gap junctions that 

occupy over 50% of the fiber membrane surface 
(Benedetti et al., 1976). 

The major intrinsic protein (MIP26) of lens fiber 
cells is a 28.2-kD component (Gorin et al., 1984) 
that represents over 60% of the membrane proteins 
(Benedetti et al., 1976). The amino acid sequence of 
MIP26 has been inferred from cDNA cloning by 
Gorin et al. (1984) and found to be extremely hydro- 
phobic. The folding probability model of the protein 
depicts six traverses of the lipid bilayer and places 
both carboxyl and amino termini at the cytoplasmic 
surface of the membrane (Gorin et al., 1984). 

In recent years, MIP26 fractions of different de- 
grees of purity have been successfully incorporated 
into artificial lipid systems, and the functional prop- 
erties of the resulting channels have been described 
(Girsch & Peracchia, 1985; Gooden et al., 1985; Ni- 
kaido & Rosenberg, 1985; Zampighi, Hall & Kre- 
man, 1985; Brewer, 1991; Ehring & Hall, 1991; 
Ehring et al., 1990; Lea & Duncan, 1991). Channels 
reconstituted into liposomes were found to be per- 
meable to molecules as large as 1.5 kD (Girsch & 
Peracchia, 1985; Gooden et al., 1985; Nikaido & 
Rosenberg, 1985) and were seen to close with Ca 2+ 
only in the presence of calmodulin (CaM)(Girsch & 
Peracchia, 1985). Voltage-dependent channels of 
various conductances were described in planar bi- 
layers (Zampighi et al., 1985; Ehring et al., 1990; 
Ehring & Hall, 1991: Lea & Duncan, 1991) and in 
vesicles formed at the tip of patch pipettes (Brewer, 
1990). 

This paper reports data on permeability and 
electrical properties of channels reconstituted into 
liposomes and planar lipid bilayers with high-per- 
formance liquid chromatography (HPLC)-purified 
MIP26. The data provide new evidence for the ca- 
pacity of HPLC-purified MIP26 to form channels 
permeable to molecules as large as sucrose (tool 
wt = 342) and show that MIP26 forms only one type 
of channel in planar bilayers. This is possibly the 
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first example of successful functional reconstitution 
of a membrane channel purified by reverse-phase 
HPLC. The channel has a mean conductance of 120 
pS, has long open and closed time constants, is volt- 
age dependent and is not a K+-selective channel. A 
preliminary report of this study has been published 
(Shen et al., 1991). 

Materials and Methods 

ISOLATION OF LENS FIBER MEMBRANES 

The plasma membranes and junctional complexes of bovine lens 
fiber cells were isolated as previously described (Girsch & Perac- 
chia, 1985). Briefly, after removal of capsule and epithelial layer, 
40 lenses were homogenized in 50 mM Tris, 5 mM EDTA, 10 mM 
/3-mercaptoethanol and 0.1% Na + azide pH 7.4) and washed 
three times in the same solution by a 15-min centrifugation at 
17,000 x g in the SS-34 rotor of a Sorvall centrifuge (model 
RC5C, Du Pont de Nemours, Wilmington, DE). The pellets were 
resuspended twice in 7 M urea and 25 mM Tris (pH 7.4) and 
collected by centrifugation at 27,000 • g for 20 rain, after mixing 
1:1 with distilled deionized H20. The pellets were incubated for 
10 rain in 0.1 N NaOH and 1 mM/3-mercaptoethanol and centri- 
fuged for 20 rain at 44,000 x g. The pellets were resuspended in 5 
mM Na+-phosphate buffer, centrifuged for 20 min at 44,000 x g 
and stored at -20~ All procedures were performed at 4~ The 
yield was about 0.5 rag/lens. 

M I P 2 6  PURIFICATION BY H P L C  

AND GEL ELECTROPHORESIS 

The stripped lens fiber membranes (200 rag) were suspended in 
distilled deionized H20. Small aliquots of 10% octylglucoside 
were added, and the suspension was vortexed and sonicated (at 
4~ until transparency occurred ( -0 .5% octylglucoside, close to 
the critical micellar concentration (Brito & Vaz, 1986)). Small 
aliquots of suspension (350/zl, 2-3 mg protein/ml) were loaded 
onto an HPLC column (Du Pont, Zorbax Bio-series poly-F) 
equilibrated with 1% acetic acid and processed with an HPLC 
system (Milton Roy, LDC Division, Riviera Beach, FL). Column 
parameters were: 1 ml/min flow rate and a head pressure of 350 
psi. Column effluent was monitored by UV absorption at 280 nm. 
After the injection bolus reached the detector ( - 2  min), a 15-min 
linear gradient was begun (A = 1% acetic acid, B = 20% isopro- 
panol in acetic acid) reaching 95% of B. Most hydrophilic com- 
pounds eluted near the void volume, while MIP26 eluted as a 
narrow symmetrical peak 8-10 min into the gradient. Fractions 
( - 2  ml) with an optical density greater than 0.4 were collected, 
mixed with 0.5 ml of glycerol and dried with no heating by a 
Speed Vac Concentrator (Savant Instruments, Farmingdale, 
NY). Preparations were stored at -20~ To quantify MIP26 
purity, small aliquots of HPLC-purified material were extracted 
into 2% sodium dodecyl sulfate (SDS), pH neutralized and pre- 
pared for SDS polyacrylamide gel electrophoresis (SDS-PAGE) 
using the PHAST system (Pharmacia LKB Biotechnology, Pis- 
cataway, N J). Gels were stained with 0.1% Coomassie blue. The 
gels were scanned at ?~ = 565 nm by a dual-wavelength scanner 
(CS-930, Shimadzu Scientific Instruments, Braintree, MA). A 
preliminary report on the HPLC purification of MIP26 has been 
presented (Girsch, 1988). 

RECONSTITUTION OF M I P 2 6  INTO LIPOSOMES 

Aliquots of purified MIP26 were solubilized (3-5 mg/ml) in 4 rnM 
Tris-HCl, 1 mM CaCI2, 200 mM NaC1, 5 mM EGTA and 20% 
glycerol (vol/vol)(pH 8.0), containing 25 mg of octylglucoside per 
mg protein. MIP26 was incorporated into liposomes by combin- 
ing dialysis (Zampighi et al., 1985) with sonication and dehydra- 
tion/rehydration (Girsch & Peracchia, 1985). L-a-diphytanoyl 
lecithin or egg lecithin (10 mg) were dried either for 1 hr under a 
stream of nitrogen or for 4 hr with the Speed Vac Concentrator. 
The dry lipids were suspended in 0.4 ml of 200 mM NaCl and 25 
mM N- tris[hydroxymethyl]-methyl-2-aminosuffonic acid (TES, 
pH 7.0) containing 50 mg of octylglucoside, and the suspension 
was mixed with different aliquots (0.1, 0.05, 0.01 and 0 rag) of 
solubilized MIP26. After volume adjustment to 0.5 ml, the sus- 
pension was alternately vortex mixed and sonicated, and subse- 
quently dialyzed overnight against buffer (500 ml of 200 mM 
NaC1, 25 mM TES, pH 7.0, four changes) and H20 to yield a 
whitish suspension. Aliquots (70 /zl) of liposome suspension 
were dried by Speed Vac Concentrator for 8 hr and stored in 0.5- 
ml plastic vials at -40~ For spectrophotometric osmotic-swell- 
ing assay (Lukey & Nikaido, 1980), the liposomes were rehy- 
drated in 50 kd of 5 mM Tris-HCl, 0.1 mM MgCb_, 1 mM KCI and 
0.02% Na + azide (pH 7) containing 6% dextran T-[0 (final osmo- 
larity = - 6 0  mOsM), vortex mixed (3 min) and sonicated (10 
sec). For determining the presence of channels, the liposomes 
were exposed to the same solution containing either sucrose ( 100 
raM) or KC1 (50 raM) in place of dextran T-10. The osmolarity of 
all the solutions was measured with a vapor pressure osmometer 
(5500, Vescor, Logan, UT). For planar bilayer experiments, 
dried liposomes were rehydrated in 50 tA of 200 mM NaCI and 25 
mM TES (pH 7.0), vortex mixed for 3 rain and sonicated for 30 
s e c .  

RECONSTITUTION OF M I P 2 6  

INTO PLANAR LIPID BILAYERS 

Planar lipid bilayers were obtained following the painting proce- 
dure of Mueller et al. (1962). Phosphatidylethanolamine (0.7/xl) 
from Escherichia coli (PE, 20 mg/ml, Avanti Polar-Lipids, Pel- 
ham, AL) and cholesterol (10 mg/ml) in decane were applied to a 
300-/zm hole in a Teflon partition separating the two aqueous 
chambers. The chambers were filled with 100 mM KCI, 1 mM 
CaClz and 20 mM HEPES (pH 6.0, adjusted with Tris). Mem- 
brane capacitance was monitored with a triangular wave of 20 
mV peak to peak and 100 Hz until it reached a value consistent 
with that expected for a single bilayer. The unmodified bilayers 
had an electrical resistance greater than 100 GI2 and a capaci- 
tance ranging between 200 and 300 pF. MIP26 channels were 
inserted into the planar bilayer by inducing fusion between the 
bilayer and channel-bearing liposomes added to both chambers. 
The fusion process was facilitated by moderate stirring of both 
chamber solutions with small magnetic bars. 

For monitoring single-channel events, a planar bilayer sys- 
tem similar to that described by Alvarez (1986) was used. Hold- 
ing potentials were applied by a voltage-clamp amplifier. Single- 
channel recordings were stored on videotape after digital 
conversion by a PCM audio processor and were analyzed with a 
laboratory computer. 

FREEZE-FRACTURE ELECTRON MICROSCOPY 

Liposome suspensions were mixed 1:1 with a 6% glutaraldehyde 
solution buffered to pH 7.4 with 0.2 M Na+-cacodylate, and al- 
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Fig. 1. (A) HPLC elution profile of lens fiber membrane components detected by UV absorption (h = 280 nm). Elution occurred over 
15 min as a solution containing 1% acetic acid was brought to 20% isopropanol in acetic acid by a linear gradient (flow = 1 ml/min). The 
major component (MIP26) eluted as a narrow symmetrical peak between 7 and 10 min from the beginning of the elution process. To 
avoid collecting a contaminant protein closely associated with the right shallow shoulder of the main peak, the main fraction was 
collected at an OD greater than 0.4. (B) SDS-PAGE of HPLC-purified MIP26 (lane 2); the M,. markers, shown in lane 1, are (from top to 
bottom) 66, 45, 34, 24, 18 and 14 kD. (C) Densitometric scan of SDS-PAGE gel stained with Coomassie blue. The trace shows that 
HPLC-purified MIP26 monomer was 93% pure. Except for an MIP26 dimer of 56 kD, the major impurity (3.5%) was a 17 kD protein. In 
contrast, 52% of the crude preparation was composed of MIP26 monomeric and 20.7% of the 17-kD protein (data not shown). 

lowed to stand for 30 rain. The fixed liposomes were centrifuged 
to a pellet, infiltrated with 30% glycerol and freeze fractured with 
a Balzers BAF 301 freeze-etch unit as previously described 
(Peracchia & Peracchia, 1980a). The replicas were viewed with 
an AEI EM 801 electron microscope. 

Results 

CHEMICAL ANALYSIS 

HPLC elution of membrane constituents extracted 
from enriched fractions of lens fiber junctions by 
octylglucoside resulted in one major and two minor 
components (Fig. 1A). The major component was 
collected at an optical density greater than 0.4, to 
avoid a possible contaminant that appears partly 
associated with it as a shallow right shoulder (Fig. 
1A). This component, examined by SDS-PAGE 
(Fig. IB), was found to contain a 26 kD (MIP26) 
and a 17 kD band. The densitometric tracing of the 
gel showed that after HPLC purification monomeric 
MIP26 was 93% pure (Fig. 1C). Before HPLC 
monomeric MIP26 represented 52% of the protein 
components. The protein yield was 0.5 mg/lens be- 
fore HPLC and 0.2 mg/lens after HPLC. 

FREEZE FRACTURE 
OF LIPOSOMES RECONSTITUTED WITH MIP26 

Freeze fracture replicas of liposome pellets showed 
the concave and convex fracture surfaces of vesi- 
cles ranging in diameter from 0.2 to 0.8/zm. Lipo- 
somes reconstituted with unpurified M1P26 dis- 

played particles of various sizes (Fig. 2A), while 
particles of liposomes reconstituted with HPLC- 
purified MIP26 were more homogeneous (Fig. 2B). 
The particles were equally distributed on either sur- 
face, and particle density increased with the protein 
concentration of reconstitution mixtures. 

SPECTROPHOTOMETRIC OSMOTIC-SWELLING 

ASSAY OF CHANNEL PERMEABILITY TO KCI 
AND SUCROSE IN LIPOSOMES 

By combining dialysis with sonication and dehydra- 
tion/rehydration, it was possible to control the lipo- 
some size to a certain extent. Brief sonications pro- 
duced larger liposomes (0.2-0.8/~m) more suitable 
for spectrophotometric studies (Luckey & Nikaido, 
1980). Best results were obtained with a protein/ 
lipid molar ratio of 1:5000. The larger liposomes 
were probably multilamellar; therefore, the initial 
rates of swelling, likely to represent the swelling of 
the external lamellae, more closely reflect the rate 
of permeant influx (Luckey & Nikaido, 1980). 

For determining the presence of channels per- 
meable to KC1 and sucrose, liposomes reconsti- 
tuted in the presence of HPLC-purified MIP26 
(MIP26-1iposomes) were loaded with the channel 
impermeant dextran T-10 by rehydration in 5 mM 
Tris-HCl, 0.1 mM MgC12, 1 mM KC1 and 0.02% Na + 
azide (pH 7) containing 6% dextran T-10 (final os- 
molarity = - 6 0  mOsM), vortex mixing and sonica- 
tion. Upon exposure to the same solution in which 
dextran T-10 was replaced with channel permeants 
such as sucrose (100 mM) or KC1 (50 mM) (final 
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Fig. 2. Freeze-fracture replicas of liposomes in which either a nonpurified (A) or an HPLC-purified (B) MIP26 fraction was incorpo- 
rated. Liposome diameter ranged from 0.1 to 0.8 ~m. Intramembrane particles and pits were seen on both the convex and concave 
surface of the liposomes. Liposomes reconstituted with unpurified MIP26 showed particles of various size (A), while those reconsti- 
tuted with HPLC-purified MIP26 displayed particles homogeneous in size (B). Magnification = 95,300x. 
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Fig. 3. Traces of optical density change (light scattering) in suspensions of liposomes reconstituted with (A) and without (B) HPLC- 
purified M1P26. The liposomes were loaded with a channel impermeant (dextran T-10, mol wt = 10,000) and suspended into solutions 
of channel permeants (KC1 or sucrose) slightly hypertonic to T-10. MIP26-1iposomes swelled, following a brief initial shrinkage, both in 
KCI and sucrose solutions, as these permeants diffused through channels into the liposomes, while T-10 remained trapped inside. The 
resulting increase in liposome osmolarity caused liposome swelling. This resulted in a rapid decrease in optical density (A), as the 
swelling liposomes became less opaque. In contrast, protein-free liposomes did not swell in any of the permeants (B), as they had no 
channels. 

osmolarity = -110 mOsM), MIP26-1iposomes 
shrank transiently and then swelled. The initial os- 
motic gradient caused rapid water efflux, and con- 
sequentially brief liposome shrinkage, while the 
slower influx of KC1 or sucrose caused a gradual 
increase in internal tonicity and drove water back 
into the liposomes, resulting in liposome swelling. 
This process was monitored by a slow decrease in 
optical density (Fig. 3A), following a brief initial 
increase in density (usually too fast to detect), when 

the MIP26-1iposomes were suspended in hypertonic 
sucrose or KC1 solutions. Swelling occurred more 
rapidly with KC1 than with sucrose (Fig. 3A), be- 
cause of the lower permeability of the latter. As 
expected, no significant change in optical density 
was observed when MIP26-1iposomes were sus- 
pended in the same dextran T-10 solution used for 
loading (Fig. 3A). In contrast, protein-free lipo- 
somes did not swell in any of the three solutions 
(Fig. 3B). 
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SINGLE-CHANNEL RECORDING 
ov MIP26 CHANNELS RECONSTITUTED 
INTO PLANAR BILAYERS 

Successful channel reconstitution in planar bilayers 
required fresh material and liposomes proven per- 
meable to sucrose by spectrophotometric osmotic- 
swelling assay. Results were best with small lipo- 
somes (obtained by increasing the sonication time, 
liposome diameter = <0.5/zm) reconstituted with a 
protein/lipid ratio of 1:26,000. Channel activity was 
recorded several minutes after addition of lipo- 
somes to both sides of the planar bilayer chamber 
and required continuous stirring. Attempts to incor- 
porate channels in the bilayer by addition of lipo- 
somes to one chamber only were never successful, 
as previously shown by Zampighi et al. (1985). Most 
often numerous channels became incorporated, re- 
sulting in macroscopic increases in bilayer conduc- 
tance. These multiple-channel records were not 
considered because channel analysis would have 
been considerably less accurate. For this reason, 
only experiments showing one (Figs. 4-9) or few 
(Fig. 10) conductance steps were analyzed. Single 
channel analysis was performed on ten successful 
experiments of MIP26-channel reconstitution, using 
two different stocks of HPLC-purified MIP26. In all 
of these experiments sucrose permeability of lipo- 
somes and channel electrical properties in bilayers 
proved quantitatively reproducible. 

Channel opening and closing events were only 
seen when the voltage applied across the bilayer 
was greater than -+20 inV. At voltages ranging from 
-+20 to +60 mV the channels were preferentially 
open, and a channel open probability of 50% was at 
-+60-80 inV. This indicated that the channels were 
voltage dependent and were open at voltages lower 
than +20 mV. A typical continuous record of sin- 
gle-channel activity (Fig. 4A) showed current fluc- 
tuations of approximately 10 pA (at +80 mV hold- 
ing potential) and long open and closed time 
constants. Amplitude histograms representing all 
points showed two Gaussian distributions that 
peaked at 11 and 1 pA (Fig. 4B), representing chan- 
nel open (conductance = -120 pS) and closed 
states, respectively. By looking at the magnitude of 
the relative areas under the curve, which reflects 
the probability of each state, one could tell that at 80 
mV holding potential the channel was preferentially 
closed. The curves describing the frequency distri- 
bution of channel open and closed times (Fig. 5A 
and B) were well fitted by single exponential func- 
tions with time constants of 0.13 and 1.9 sec, re- 
spectively. Although the open time constant was 
quite consistent, ranging in different experiments 
from 0.1 to 0.3 sec, the closed time constant varied 
considerably, ranging from 1 to 7 sec. 
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Fig. 4. Representative current fluctuations (A) and current- 
amplitude histogram (B) recorded from a single channel reconsti- 
tuted in a PE/cholesterol planar bilayer by fusion with liposomes 
in which HPLC-purified MIP26 had been incorporated. The bi- 
layer was subjected to an 80 mV holding potential in symmetrical 
solutions (100 mM KCI, 1 mM Ca -"+, 20 mM HEPES-Tris, pH 
6.0). (A) Consecutive current traces filtered at 1.1 kHz and sam- 
pled at an acquisition rate of 4.4 kHz (upward deflection indi- 
cates channel opening). Note the long open and closed time con- 
stants. (B) Single-channel current-amplitude histogram ( f  = 300 
Hz, sampling = 1.2 kHz). The two Gaussian distribution curves 
correspond to channel closed (1 pA peak) and open (11 pA peak, 
corresponding to - 120 pS) states. Judging from the relative areas 
under the curves, which reflect the probability of each state, one 
can tell that the channel was preferentially closed at 80 inV. 

To eliminate the possibility that the reconsti- 
tuted channels were K+-selective channels, in some 
experiments blockers of K+-selective channels, 
such as Cs + and TEA, were added to the bath solu- 
tions; in others K + was substituted with Na +. Fig- 
ure 6 shows current traces and event histograms 
recorded from the same channel in the presence 
(Fig. 6A and C) and absence (Fig. 6B and D) of 40 
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purified MIP26 channels were reconstituted as described in Fig. 4. The bilayer was exposed to symmetrical solutions (100 mM KCI, 1 
mM Ca 2+, 20 mM HEPES-Tris, pH 6.0). Histogram analysis was set for a threshold of 50% (i.e., only events with amplitudes greater 
than 50% of mean channel amplitude were analyzed) and an acquisition rate of 1.2 kHz. The frequency histograms are fitted by single- 
exponential functions with time constants (~-) of 0.13 and 1.9 sec for open and closed events, respectively. 
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Fig. 6. Current traces and channel conductance event histograms recorded from the same channel in the presence (A and C) and 
absence (B and D) of 40 mM Cs + added to the bath solution of both chambers (100 mM KCI, 1 mM Ca 2+, 20 mM HEPES-Tris, pH 6.0). 
Cs + did not change channel conductance (compare C and D), but had a significant effect on channel kinetics (compare A and B). 
Current traces were filtered at 300 Hz and digitized at 1.2 kHz. Both histograms represented 97-sec recordings. 
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Cs +, as described in Fig. 6. Note that the increase in flickering with Cs + occurs in bursts. 

mM Cs +. Cs + did not decrease  channel conductance  
(compare C and D in Fig. 6), but caused a signifi- 
cant change in channel kinetics (compare A and B in 
Fig. 6). As shown in Fig. 7, Cs + reduced the mean 
open time from 0.20 sec (B) to 0.038 sec (A), and 
the mean closed time from 1.5 sec (D) to 0.38 sec 
(C), which resulted in a significant increase in chan- 
nel flickering. Most often the increase in channel 
flickering with Cs + occurred in bursts. This was 

clearly visible in low speed chart records (Fig. 8). In 
contrast ,  addition of TEA to the bath solutions af- 
fected neither channel conductance  nor channel 
open and closed time constants.  As shown in Fig. 9, 
the mean open time was 0.06 sec both in T E A  and 
controls,  and the mean closed t ime was 0.57 sec in 
T E A  and 0.59 sec in controls.  

Channel events  were  also observed  with bath 
solutions in which K + was substituted with Na  +. 
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This is illustrated in the current-amplitude histo- 
gram of Fig. 10, which shows two current peaks of 
-11 pA (channel open) and -1 pA (channel closed), 
corresponding to an open channel conductance of 
125 pS. However,  in Na + solutions channel activity 
was significantly reduced, such that bursts were 
usually rare and short lived. 

Discussion 

This study describes functional characteristics of 
channels reconsituted in vitro by incorporating into 
artificial membranes the lens protein MIP26, puri- 
fied by HPLC. Data from spectrophotometric moni- 
toring of channel permeability in liposomes and 
from electrophysiological recording of channel be- 
havior in planar bilayers portray a channel with 
functional properties similar to those of gap junc- 
tion channels. They include: permeability to mole- 
cules larger than small monovalent metal ions, con- 
ductance greater than 100 pS, and long open and 
closed time constants. 

Purification of MIP26 by HPLC is reflected by 
the homogeneity of intramembrane particles, seen 
in reconstituted liposomes by freeze fracture, and 

by the increase in content of MIP26 from 52 to 93%, 
as monitored by gel electrophoresis. Electrophysio- 
logical evidence of a unitary channel conductance 
in planar bilayers demonstrates that HPLC purifica- 
tion has removed contaminant channel proteins. 
HPLC does, however, produce relatively low 
yields, due primarily to protein aggregation that oc- 
curs when very hydrophobic proteins such as 
MIP26 and other channel proteins are exposed to 
acidic organic-solvent media. This aggregation, no- 
ticeable in MIP26 suspensions by the appearance of 
whitish flocculating material and in gels by the pres- 
ence of nonmigrating high molecular weight compo- 
nents, increases with storage time. For this reason, 
reconstitution experiments are generally more suc- 
cessful if freshly purified protein is used. 

The observation of liposome swelling in su- 
crose, as well as in KC1 solutions, indicates that 
channels made of purified MIP26 are permeable to 
molecules larger than monovalent ions and confirms 
previous data obtained with less pure MIP26 prepa- 
rations (Girsch & Peracchia, 1985; Gooden et al., 
1985; Nikaido & Rosenberg, 1985). In vertebrate 
cells, aside from gap junction channels only a few 
channels are permeable to molecules as large as su- 
crose. Among ion channels, CaZ+-dependent K + 
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Fig. 10. Current-amplitude histogram of single-channel activity 
recorded in a K+-free NaC1 bath solution (100 mM NaC1, 1 mM 
Ca 2+, 20 mM HEPES-Tris, pH 6.0). Holding potential = -80 
inV. The two Gaussian distribution curves correspond to chan- 
nel closed ( -  1 pA) and open ( -  11 pA) states. Na + substitution of 
K + did not affect channel conductance (-125 pS, in this experi- 
ment). The inset shows a representative record of current fluctu- 
ations (downward deflection indicates channel opening). 

channels, K + (Ca2+), were considered as possible 
contaminants in view of their large conductance. 
However, K + (CaZ+)-channel blockers such as TEA 
and Cs + did not alter channel conductance, and 
channels with the same conductance were seen 
even in K+-free Na + solutions. 

Although Cs + did not affect single channel con- 
ductance, it had an interesting effect on channel 
kinetics. Both with and without Cs + the channels 
showed virtually only two states (open and closed), 
as subconductance states were rare, but with Cs + 
both open-channel and closed-channel time con- 
stants were considerably shorter. However, this did 
not significantly change the open-channel equilib- 
rium probability. Channel fluctuation between 
closed and open state can be defined by the follow- 
ing kinetic scheme (Colquhoun & Hawkes, 1983): 

/3 
closed ~ open 

in which open-channel equilibrium probability is 
given by 

p o ( ~ )  - OZ+~" 

With this equation, the equilibrium probabilities 
were similar (-0.1) both before and after addition of 
Cs +, indicating that Cs + only speeds the transition 
between the two states, the result being an increase 
in flickering. This could be the consequence of 
channel blocking/unblocking by Cs +. This behavior 

is very different from that observed by Yellen (1984) 
in K + (Ca 2+) channels. In the latter case, Cs + de- 
creased the apparent single-channel conductance, 
as its entry and exit rates were too rapid to be re- 
solved in patch-clamp records. 

Previous studies on gap junction channels in- 
corporated into planar bilayers have reported vari- 
ous channel conductances. With crude MIP26 frac- 
tions, Zampighi et al. (1985) reported 1500-2000 pS 
channels in 1 M solutions and extrapolated the con- 
ductance to 200 pS at 100 mM. Lea and Duncan, 
(1991) reported 500 pS channels in 165 mM solu- 
tions, and Brewer (1991) described 265-pS channels 
(hemichannels) in single spherical bilayers and 627 
pS channels across two spherical bilayers. Finally~ 
by using HPLC-purified MIP26, a channel conduc- 
tance of 360 pS in 200 mM solutions was observed 
by Ehring and Hall (1991), and both 380 and 160 pS 
channels in 100 mM KCI were reported by Ehring et 
al. (1990). 

With the liver gap junction protein connexin 32 
(CX32), Young, Cohen and Gilula (1987) described 
140 pS channels in 100 mM solutions, and Harris 
(1991) observed - 5 0  and -130 pS channels in 183 
mM solutions. By a different method, involving 
patch pipettes dipped into suspensions of isolated 
gap junction fractions, Spray et al. (1986) reported 
150 pS channels in a 150 mM solution. In this case, 
however, complete gap junction channels rather 
than hemichannels might have been present. 

Recently, Brewer (1991) has normalized to a 
350 mM ionic strength published conductance val- 
ues of gap junction channels. At this ionic strength, 
most of the previously reported conductances of 
reconstituted channels would range from 220 to 280 
pS. Our observation of a mean channel conduc- 
tance of 120 pS in 100 mM solutions agrees with 
these values, as this channel would have a conduc- 
tance of 228 pS in 350 mM ionic strength. 

Consistent with previous reports (Zampighi et 
al., 1985; Ehring et al., 1990) are also both evidence 
of channel voltage dependence and need of lipo- 
some presence on both sides of the bilayer for chan- 
nel appearance. The reasons for the latter are not 
clear. The original interpretation of Zampighi et al. 
(1985), which suggested that gap j unction-like chan- 
nels may have formed by the interaction between 
channels in the bilayer and channels of liposome 
fragments adhering to the bilayer, is very provoca- 
tive because among other things it would help un- 
derstand the junctional role of MIP26. However, 
this hypothesis would imply that only junctional 
channels are functionally active. This is unlikely in 
view of evidence for permeable channels in lipo- 
somes, as morphological data suggest that these 
channels are most likely hemichannels. 
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This study is the first to provide data on MIP26- 
channel kinetics derived from single-channel rec- 
ords. Ehring et al. (1990) only determined "first la- 
tencies," defined as the time elapsing between an 
imposed voltage step and the channel closing, from 
single-channel recordings. This parameter cannot 
be meaningfully compared with our data on single- 
channel open and closed time constants because the 
latter reflect spontaneous opening and closing phe- 
nomena at a steady holding potential, rather than 
events induced by an imposed voltage step. The 
single-channel conductance observed in our study 
(120 pS) is smaller than the conductance steps (160 
and 380 pS) reported by Ehring et al. (1990). A pos- 
sible reason for this is the presence of cholesterol in 
our bilayer. Indeed, an increase in membrane cho- 
lesterol has recently been shown to decrease the 
conductance of the nicotinic acetylcholine receptor 
channels (Lasalde & Zuazaga, 1991). Since the 
plasma membrane of bovine lens fibers is rich in 
cholesterol (cholesterol/phospholipid molar ratio = 
0.6-1.2; Zampighi et al., 1985; Malewicz et al., 
1990), our conductance value measured in bilayers 
with a cholesterol/phospholipid molar ratio of 0.96 
may be closer that of in vivo MIP26 channels. Cho- 
lesterol may modulate channel function by affecting 
the microviscosity of the lipid bilayer (Lasade & 
Zuazaga, 1991). 

Although permeability, conductance and gating 
properties of MIP26 channels are similar to those of 
gap junction channels, the involvement of this pro- 
tein in cell-to-cell communication is still unclear. 
MIP26 differs biochemically (Gorin et al., 1984) 
from typical gap junction proteins of the connexin 
family (Beyer, Paul & Goodenough, 1990), and im- 
munological data on the localization of MIP26 are 
controversial. Bok, Dockstader and Horwitz (1982) 
reported binding of MIP26 polyclonal antibodies to 
lens junctions only, but Paul and Goodenough 
(1983) observed antibody binding to nonjunctional 
membranes as well as to junctions. Furthermore, 
only thin (13-nm)junctions showed antibody bind- 
ing, while junctions of normal thickness (17 nm) did 
not. In contrast, with monoclonal antibodies 
Fitzgerald, Bok and Horwitz (1982), Sas et al. 
(1985) and Vallon et al. (1985) localized MIP26 at 
both types of junctions. 

A further complication of this issue has resulted 
from the recent discovery of another membrane 
protein that localizes at 17-nm thick lens junctions 
(Kistler, Kirkland & Bullivant, 1985; Gruijters et 
al., 1987; Zampighi et al., 1989). This protein 
(MP70) was found to have some N-terminus se- 
quence similarities with gap junction proteins of the 
connexin family, and thus, became a primary candi- 
date for lens gap junctions (Kistler, Christie & Bul- 

livant, 1988). However,  this protein was localized 
immunocytochemically only within 100 t~m of the 
lens surface and, in spite of some evidence for the 
possible presence of degradation products of MP70 
(MP64 and MP38) in deeper cells (Kistler & Bulli- 
vant, 1987), the biochemical nature of gap junction 
channel of these cells, which represents the vast 
majority of lens fibers cells, is still unknown. Con- 
sistent with the idea that MIP26 is involved in cell- 
to-cell communication are the reported blockage of 
dye diffusion between lentoid cells by intracellu- 
larly injected anti-MIP26 monoclonal antibodies 
(Johnson et al., 1988) and evidence for both a 
calmodulin (CAM) participation in the regulation of 
lens fiber communication (Girsch & Peracchia, 
1985; Peracchia & Girsch, 1985; Brewer & Dong, 
1990; Gandolfi et al., 1990) and CaM interaction 
with MIP26 (Hertzberg & Gilula, 1981; Welsh et al., 
1982; Van den Eijden-van Raaij, de Leeuw & 
Broekhuyse, 1985; Van Eldick et al., 1985; Perac- 
chia, 1988; Peracchia & Girsch, 1989; Louis et al., 
1990; Girsch & Peracchia, 1991). In addition, 
Ehring and Hall (1991) have reported preliminary 
data showing a substantial increase in voltage de- 
pendence of the MIP26 channel, associated in some 
cases with large decrease in bilayer conductance 
down to values near the bare bilayer level of con- 
ductance, upon addition of 10 ~M C a  2+ to bathing 
solutions containing 1 p~M CaM. In contrast, in the 
absence of CaM, [Ca 2+] as high as 40 mM was inef- 
fective (Ehring & Hall, 1991). Our present data con- 
firm the absence of a direct effect of Ca 2+ on the 
channel gates, as the bilayer bathing solution con- 
tained I mM Ca z+. Experiments with CaM are pres- 
ently underway and the data available at this stage 
are too preliminary to be discussed. 

Recently, Ehring et al. (1990) have proposed a 
new role for MIP26 channels in maintaining fluid 
balance and minimizing the extracellular space be- 
tween fibers. This model, which assumes that 
MIP26 channels are hemichannels rather than junc- 
tional channels, is entirely based on the observation 
that MIP26 antibodies bind only to convex surfaces 
of lens "wavy junctions" (Zampighi et al., 1989). 
However, these " w a v y "  membrane appositions are 
not typical lens fiber junctions; they are found al- 
most exclusively among the deformed fiber cells of 
the lens nucleus and could very well result from 
asymmetrical apposition of single junctional mem- 
brane following junction membrane separation. In- 
deed, cortical lens fiber membranes with orthogonal 
and rhombic particle arrays, typical of MIP26 ar- 
rays (Dunia et al., 1987), have been shown to form 
junctions with precisely matched particle and pit 
arrays both in isolated fractions (Peracchia, 1978; 
Peracchia & Peracchia, 1980a,b) and in intact fiber 
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cells (Bernardini & Peracchia, 1981); the arrays 
were found to change from disordered to crystalline 
with either Ca 2+ (Peracchia, 1978; Peracchia & 
Peracchia, 1980a; Bernardini & Peracchia, 1981) or 
H + (Peracchia & Peracchia, 1980b). 

In conclusion, this study shows that HPLC-pu- 
rifled MIP26, reconstituted in artificial membranes, 
makes channels that are permeable to molecules 
considerably larger than monovalent ions and are 
endowed with electrical properties similar to those 
of gap junction channels. To our knowledge this is 
the first example of successful reconstitution of a 
functional membrane channel after reverse-phase 
HPLC purification and demonstrates that functional 
channels can reform after channel protein purifica- 
tion under harsh conditions. MIP26 channels recon- 
stituted in planar bilayers have a mean conductance 
of 120 pS, are voltage dependent and show long 
open and closed time constants. The channels are 
not K § channels because they are insensitive to 
TEA and Na + substitution for K +, and channel ki- 
netics, but not single-channel conductance, is af- 
fected by Cs +. 

The authors wish to thank Dr. Edward G. Moczydlowski for 
providing the circuit diagram of the planar bilayer amplifier, Mrs. 
Lillian Peracchia for preparing freeze-fracture replicas, and Mr. 
Martin G. Gira and Mr. Jerry Harris for constructing electrical 
equipment and Teflon chambers. This study was supported by 
NIH Grants GM 20113 to C.P. and EY 06467 to S.J.G. and by a 
fellowship from the Rochester Eye and Human Parts Bank, Inc. 
to L.S. 

References 

Alvarez, O. 1986. How to set up a bilayer system. In: Ion Chan- 
nel Reconstitution C. Miller, editor, pp. 115-130. Plenum 
New York 

Benedetti, E.L., Dunia, I., Bentzel, C.J., Vermorken, A.J.M., 
Kibbelaar, M., Bloemendal, H. 1976. A portrait of plasma 
membrane specializations in eye lens epithelium and fibers. 
Biochim. Biophys. Acta, 457:353-384 

Bernardini, G., Peracchia, C. 1981. Gap junction crystallization 
in lens fibers after an increase in cell calcium. Invest. Oph- 
thalmol. Vis. Sci. 21:291-299 

Beyer, E.C., Paul, D.L., Goodenough, D.A. 1990. Connexin 
family of gap junction proteins. J. Membrane Biol. 116:187- 
194 

Bok, D., Dockstader, J., Horwitz, J. 1982. Immunocytochemical 
localization of the lens main intrinsic polypeptide (MIP26) in 
communicating junctions. J. Cell Biol. 92:213-220 

Brewer, G.J. 1991. Reconstitution of lens channels between two 
membranes. In: Biophysics of Gap Junction Channels. C. 
Peracchia, editor, pp. 301-316. CRC Press, Boca Raton (FL) 

Brewer, G.J., Dong, R.G. 1990. Transjunctional Iens channels 
reconstituted: Regulation by Ca ++ and calmodulin. J. Cell 
Biol. 111:65a 

Brito, R.M.M., Vaz, L.C. 1986. Determination of the critical 
micelle concentration of surfactants using the fluorescent 

probe N-pbenyl-l-naphthylamine. Anal. Biochem. 152:250- 
255 

Colquhoun, D., Hawkes, A.G. 1983. The principles of the sto- 
chastic interpretation of ion-channel mechanisms. In: Single- 
Channel Recording. B. Sakmann and E. Neher, editors, pp. 
135-175. Plenum, New York 

Dunia, 1., Manenti, S., Rousselet, A., Benedetti, E.L. 1987. 
Electron microscopic observations of reconstituted proteo- 
liposomes with the purified major intrinsic membrane protein 
of eye lens fibers. J. Cell Biol. 105:167%1689 

Ehring, G.R., Hall, J.E. 1991. Reconstitution into planar lipid 
bilayers: Application to the study of lens MIP. In: Biophysics 
of Gap Junction Channels. C. Peracchia, editor, pp. 333-351. 
CRC Press, Boca Raton (FL) 

Ehring, G.R., Zampighi, G., Horwitz, J., Bok, D., Hall, J.E. 
1990. Properties of channel reconstituted from the major in- 
trinsic protein of lens fiber membranes. J. Gen. Physiol. 
96:631-664 

Fitzgerald, P.G., Bok, D., Horwitz, J. 1983. Immunocytochemi- 
cal localization of the main intrinsic polypeptide (MIP) in 
ultrathin frozen sections of rat lens. J. Cell Biol. 97:1491- 
1499 

Gandolfi, S.A., Duncan, G., Tomlinson, J., Maraini, G. 1990. 
Mammalian lens inter-fiber resistance is modulated by cal- 
cium and calmodulin. Curr. Eye Res. 9:533-541 

Girsch, S.J. 1988. Purification of lens gap junction protein by 
reverse-phase HPLC. p. 125. Proc. VIII Int. Congr. Eye Re- 
search, San Francisco 

Girsch, S.J., Peracchia, C. 1985. Lens cell-to-cell channel pro- 
tein: I. Self-assembly into liposomes and permeability regula- 
tion by calmodulin. J. Membrane Biol. 83:217-225 

Girsch, S.J., Peracchia, C. 1991. Calmodulin interacts with a C- 
terminus peptide from the lens membrane protein MIP26. 
Curr. Eye Res. (in press) 

Gooden, M.M., Rintoul, D.A., Takehana, M., Takemoto, L. 
1985. Major intrinsic polypeptide (MIP26) from lens mem- 
brane: Reconstitution into vesicles and inhibition of channel 
forming activity by peptide antiserum. Biochem. Biophys. 
Res. Commun. 128:993-999 

Gorin, M.B., Yancey, S.B., Cline, J., Revel, J.P., Horwitz, J. 
1984. The major intrinsic protein (MJP) of the bovine lens 
fiber membrane: characterization and structure based on 
cDNA cloning. Cell 39:49-59 

Gruijters, W.T.M., Kistler, J., Bullivant, S., Goodenough, D.A. 
1987. Immunolocalization of a MP70 in lens fiber 16-17 nm 
intercellular junctions. J. Cell Biol. 104:565-572 

Harris, A.L. 1991. Connexin32 forms ion channels in single artifi- 
cial membranes. In: Biophysics of Gap Junction Channels. C. 
Peracchia, editor, pp. 373-389. CRC Press Boca Raton, (FL) 

Hertzberg, E.L., Gilula, N.B. 1981. Liver gap junctions and lens 
fiber junctions: Comparative analysis and calmodulin interac- 
tion. Cold Spring Harbor Syrup. Quant. Biol. 46:639-645 

Johnson, R.G., Klukas, K.A., Tze-Hong, L., Spray, D.C. 1988. 
Antibodies to MP26 are localized to lens junctions, alter in- 
tercellular permeability, and demonstrate increased expres- 
sion during development. In: Gap Junctions. E.L. Hertzberg 
and R.G. Johnson, editors, pp. 81-98. Alan R. Liss New 
York 

Kistler, J., Bullivant, S. 1987. Protein processing in lens intercel- 
lular junctions: Cleavage of MP70 to MP38. Invest. Oph- 
thalmol. Vis. Sci. 28:1687-1692 

Kistler, J., Christie, D., Bullivant, S. 1988. Homologies between 
gap junction proteins in lens, heart and liver. Nature 
331:721-723 



32 L. Shen et al.: MIP26 Channels in Planar Bilayers 

Kistler, J., Kirkland, B., Bullivant, S. 1985. Identification of a 
70,000-D protein in lens membrane junctional domains. J. 
Cell Biol. 101:28-35 

Lasalde, J.A., Zuazaga, C. 1991. Cholesterol enrichment de- 
creases the conductance of nicotinic acetylcholine receptor 
channels in tissue cultured chick muscle. Biophys. J. 59: 
444a 

Lea, J.A., Duncan, G. 1991. Lens cell communication--from the 
whole organ to single channels. In: Biophysics of Gap Junc- 
tion Channels. C. Peracchia, editor, pp. 353-371. CRC Press, 
Boca Raton (FL) 

Louis, C.F., Hogan, P., Visco, L., Strasburg, G. 1990. Identity 
of the calmodulin-binding proteins in bovine lens plasma 
membrane. Exp. Eye Res. 50:495-503 

Luckey, M., Nikaldo, H. 1980. Specificity of diffusion channels 
produced by h phage receptor protein of Escherichia coli. 
Proc. Natl. Acad. Sci. U.S.A. 77:167-171 

Malewicz, B., Kumar, V.V., Johnson, R.G., Baumann, W.J. 
1990. Lipids in gap junction assembly and function. Lipids 
25:419-427 

Mueller, P., Rudin, D., Tien, H.T., Wescott, W.C. 1962. Recon- 
stitution of cell membrane structure in vitro and its transfor- 
mation into an excitable system. Nature 194:979-980 

Nikaido, H., Rosenberg, E.Y. 1985. Functional reconstitution of 
lens gap junction proteins into proteoliposomes, J. Mem- 
brane Biol. 85:87-92 

Paul, D.L., Goodenough, D.A. t983. Preparation, characteriza- 
tion and localization of antisera against bovine MP26 an inte- 
gral protein from the lens fiber plasma membrane J. Cell Biol. 
96:625-632 

Peracchia, C. 1978. Calcium effects on gap junction structure 
and cell coupling. Nature 271:669-671 

Peracchia, C. 1988. The calmodulin hypothesis for gap junction 
regulation six years later. In: Gap Junctions. E.L. Hertzberg 
and R.G. Johnson, editors, pp. 267-282. Alan R. Liss, New 
York 

Peracchia, S., Girsch, S.J. 1985. Is the cleavable C-terminal arm 
of cell-to-cell channel protein the channel gate? Biochem. 
Biophys. Res. Commun. 133:688-695 

Peracchia, C., Girsch, S.J. 1989. Calmodulin site at the C-termi- 
nus of the putative lens gap junction protein MIP26. Lens Eye 
Toxic. Res. 6:613-621 

Peracchia, C., Peracchia, L.L. 1980a. Gap junction dynamics: 
reversible effects of divalent cations. J. Cell Biol. 87:708-718 

Peracchia, C., Peracchia, L.L. 1980b. Gap junction dynamics:. 
Reversible effects of hydrogen ions. J. Cell Biol. 87:719-727 

Sas, D.F., Sas, J., Johnson, K.R., Menko, A.S., Johnson, R.G. 
1985. Junctions between lens fiber cells are labeled with a 
monoclonal antibody shown to be specific for MP26. J. Cell 
Biol. 100:216-225 

Shen, L., Shrager, P., Girsch, S., Donaldson, P., Peracchia, C. 
1991. Functional reconstitution of HPLC-purified lens chan- 
nel protein MIP26 in liposomes and planar bilayers. Biophys 
J. 59:438a 

Spray, D.C., Saez, J.C., Brosius, D., Bennett, M.V.L., Hertz- 
berg, E.L. 1986. Isolated liver gap junctions: Gating of trans- 
junctional currents is similar to that in intact pairs of rat 
hepatocytes. Proc. Natl. Acad. Sci USA 83:5494-5497 

Vallon, O., Dunia, I., Favard-Sereno, C., Hoebeke, J., Bene- 
detti, E.L. 1985. MP26 in the bovine lens: A post-embedding 
immunocytochemical study. Biol. Cell 53:85-88 

Van den Eijden-van Raaij, A.J.M., de Leeuw, A.L.M., 
Broekhuyse, R.M. 1985. Bovine lens calmodulin. Isolation, 
partial characterization and calcium-independent binding to 
lens membrane proteins. Curr. Eye Res. 4:905-912 

Van Eldick, L.J., Hertzberg, E.L., Berdan, R.C., Gilula, N.B. 
1985. Interaction of calmodulin and other calcium-modulated 
proteins with mammalian and arthropod junctional mem- 
brane proteins. Biochem, Biophys. Res Commun, 126:825- 
832 

Welsh, M,S., Aster, J.C., Ireland, M., Alcala, J., Maisel, H. 
1982. Calmodulin binds to chick lens gap junction protein in a 
calcium-independent manner. Science 216:642-644 

Yellen, G, 1984. Ionic permeation and blockade in Ca-'+-acti - 
vated K + channels of bovine chromaffin cells. J. Gen. 
Physiol. 84:157-186 

Young, D,-L., Cohen, Z.A., Gilula, N.B. 1987. Functional as- 
sembly of gap junction conductance in lipid bilayers: Demon- 
stration that the major 27 kDa protein forms the junctional 
channel. Ceil 48:733-743 

Zampighi, G., Hall, J.E., Ehring, G.R., Simon, S.A. 1989. The 
structural organization and protein composition of lens fiber 
junctions. J. Cell Biol. 108:2255-2275 

Zampighi, G.A., Hall, J.E., Kreman, M. 1985. Purified lens junc- 
tional protein forms channels in planar lipid films. Proc. Natl. 
Acad. Sci USA 82:8468-8472 

Received 5 December 1990; revised 9 May 1991 


