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Abstract. Membrane fractions highly enriched in
chicken lens MIP (MIP28) were found to form ion chan-
nels when incorporated into planar lipid bilayers. The
channels displayed prominent unitary conductances of
about 60 and 290 pS in symmetric 150 mM KCl solution
and were slightly anion selective. For both depolarizing
and hyperpolarizing voltages, voltage sensitivity of the
MIP28-induced conductance could be fit by a Boltzmann
relation, symmetric around zero mV, with V0 4 18.5
mV, n 4 4.5 andgmin/gmax4 0.17. Channel properties
were not appreciably altered by pH in the range of 5.8 to
7, although channel incorporation was observed to occur
more frequently at lower pH values. Calcium, at milli-
molar concentrations, decreased the channel mean open
time. Partial proteolysis of MIP28 to yield MIP21 did
not appreciably affect single-channel conductance or
voltage sensitivity of the reconstituted channels. MIP28
was not phosphorylated by cAMP dependent protein ki-
nase (PKA). Although unitary conductance and selectiv-
ity of the chicken MIP channel are similar to those re-
ported for the bovine MIP (MIP26), the voltage sensi-
tivity of MIP28 was higher than that of the bovine
homologue, and voltage sensitivity of MIP28 was not
modulated by treatments previously shown to affect
MIP26 voltage gating (partial proteolysis and protein
phosphorylation by PKA: (Ehring et al., 1990). The ex-
istence of such strikingly different functional properties
in highly homologous channel isoforms may provide a
useful system for exploration of the structure-function
relations of MIP channels.

Key words: Single channels — Voltage gating — Phos-
phorylation — Proteolysis — MIP

Introduction

MIP, the main intrinsic protein of the lens, constitutes
almost 50% of the total membrane protein in lens fiber
cells (Benedetti et al., 1976). The extensive intercellular
coupling in this tissue, together with the biochemical and
immunological detection of MIP in areas of membrane
apposition, initially rendered MIP the logical candidate
as the protein forming lenticular gap junction channels
(Benedetti et al., 1976; Goodenough, 1979; Kusak,
Maisel & Harding, 1978). However, numerous studies
using diverse techniques have challenged the authentic-
ity of MIP as a junctional protein. Detailed examination
of MIP distribution in the membranes of fiber cells first
showed that it is also present in high amounts in non-
junctional membrane areas (Paul & Goodenough, 1983).
Subsequent additional findings which have been inter-
preted as evidence against a role for MIP in forming
intercellular channels include the lack of sequence ho-
mology between MIP and members of the connexin mul-
tigene family (Gorin et al., 1984; Paul, 1986; Kumar &
Gilula, 1986; Beyer et al., 1987; Willecke et al., 1991),
the absence of junctional communication in oocytes in-
jected with mRNA encoding MIP (Swenson et al., 1989),
the ultrastructural finding that MIP channels are not al-
ways coaxially aligned across the bilayers of adjoining
cells (Zampighi et al., 1989), and the identification of
other membrane proteins in lens fiber cells that share
sequence homology with the connexin family and thus
appear to be more legitimate candidates for gap junction
proteins in this tissue (Kistler, Christie & Bullivant,
1988; Paul et al., 1991; White et al., 1992).

Nevertheless, a role for MIP in intercellular com-
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munication in the lens has not been rigorously excluded.
In a tissue that has an extremely high extracellular resis-
tance (Mathias and Rae, 1985), the presence of large
nonselective channels in the membranes of adjacent cells
could indeed effectively couple these cells as suggested
by Ehring et al. (1990), in a model analogous to ephaptic
transmission in the nervous system (Bennett, 1966). One
of the basic premises of such a model is that MIP is able
to form ion channels, and membrane fractions of bovine
and chicken lens membranes enriched for MIP have ex-
hibited this property when incorporated into planar lipid
bilayers (Zampighi et al., 1985; Modesto et al., 1990;
Shen et al., 1991). In addition, bovine lens membrane
preparations incorporated into liposomes have been
found by a number of laboratories to increase liposome
permeability to high molecular weight compounds
(Girsch & Peracchia, 1985a,b; Nikaido & Rosenberg,
1985; Gooden e al., 1985a,b; Scaglione & Rintoul,
1989).

Another likely role for MIP in the lens is related to
volume regulation. To most effectively focus light, it is
essential that extracellular space in the lens be very re-
stricted. The presence of large water permeable channels
in the membrane of the fiber cells could prevent fluid
accumulation in that space due to the presence of an
osmotic gradient favoring fluid transport into the crys-
tallin-rich fiber cell cytoplasm. In this regard it is inter-
esting to note the recently reported homology between
MIP and a number of integral membrane proteins of
animal, bacteria and plant origin that appear to function
as transporters (Rao, Jan & Jan, 1990; Muramatsu &
Mizuno, 1989; Smith & Chater, 1988; Sandel &
Marcker, 1988; Johnson, Hofte & Chrispels, 1990). Of
special interest is the high degree of homology between
MIP and the cloned water channel proteins CHIP28
(Preston & Agre, 1991; Preston et al., 1992; Zhang et al.,
1993) and WCH-CD (Fushimi et al., 1993), which rein-
force the suggestion that MIP may play a role in volume
regulation in the lens. In fact, Mulders et al. (1995) have
recently shown that oocytes expressing MIP exhibit a
four- to fivefold increase in the coefficient of osmotic
water permeability.

Lens-intrinsic membrane proteins are highly ho-
mologous throughout the evolutionary scale. Rat and
bovine MIP are 93% identical over the last 130 amino
acid residues of the carboxyl-terminus (Shiels et al.,
1988) and partial clones of the chicken protein indicate
more than 80% identity for the C-terminal 113 amino
acid residues (Kodama et al., 1990) of the total 263 resi-
dues that constitute bovine MIP (Gorin et al.,
1984). However, bovine, rat and chicken MIP migrate as
distinct proteins in SDS-PAGE (Johnson et al., 1985b),
and certain monoclonal antibodies to rat MIP do not
cross-react with the bovine homologue (Paul et al.,
1991).

Even though the degree of homology is very high, at

least for the carboxyl-terminus, there are important struc-
tural and functional differences between bovine and
chicken MIP proteins. According to Kodama et al.
(1990) helix F, the sixth putative transmembrane domain
of chicken MIP, is more hydrophobic due to substitutions
of glycines and serines with alanines, this helix is thus
unlikely to be the pore-lining domain, the topology sug-
gested by Gorin et al. (1984) for bovine MIP. Moreover,
chicken MIP lacks the Ser243 residue of the bovine se-
quence, which in the bovine sequence was demonstrated
by Lampe & Johnson (1990) to be phosphorylated by
cAMP dependent protein kinase, causing a major change
in voltage dependent gating of bovine MIP channels
(Ehring, Zampighi & Hall, 1991).

We have now extended the observations regarding
functional differences between the bovine and chicken
MIP by studying the channel properties of the chick iso-
form, MIP28, incorporated into planar lipid bilay-
ers. Our results indicate that this protein forms channels
with unitary conductance and selectivity that are very
similar to those of the bovine isoform. However, volt-
age-dependent gating and regulation of MIP26 and
MIP28 channels differ substantially. The chicken
MIP28 channels were found to be more sensitive and
were more completely closed by voltages of either po-
larity. In addition, MIP28 was not phosphorylated by
cAMP dependent protein kinase, and its voltage sensi-
tivity was not affected by partial proteolysis of the native
protein, which yields MIP21. These findings contrast
with the significant decrease in voltage sensitivity seen
following proteolysis of the bovine isoform MIP26
(Ehring et al., 1991).

Materials and Methods

PURIFICATION OF LENSMEMBRANE

Lenses were removed from chicken heads that were obtained at a
slaughterhouse and transported on ice to the lab. Membrane fractions
highly enriched for MIP were obtained following the procedure de-
scribed by Goodenough (1979). In brief, 100 lenses were decapsulated,
cut into small pieces and homogenized in bicarbonate buffer (1 mM

NaHCO3, 5 mM EDTA, pH 8.0; 24 ml/lens). Adequate disruption of
the tissue was verified by the absence of intact cells in phase micros-
copy. Homogenate was distributed in twelve 200 ml bottles and spun
at 7000 rpm for 30 min (2 × 105 g-min) in a GSA rotor. The resulting
pellets were resuspended in 5 mMTRIS, 1 mM EDTA, 1 mM CaCl2, pH
9.0 (TEC buffer) and respun at 7000 rpm. The pellets were then re-
suspended in 4M urea in TEC buffer (200 ml final volume) and spun
in a SS-34 rotor at 7800 rpm for 30 min. Supernatants were carefully
decanted and the pellets resuspended in 7M urea in TEC, brought up to
a final volume of 225 ml. Samples were then pelleted in a SW28 rotor
at 23,500 rpm for 60 min. The six pellets were resuspended in 20.1 ml
TEC plus 40.1 ml 68.5% sucrose, to yield a 50% sucrose-TEC suspen-
sion. Sucrose gradients were formed in SW28 tubes, from bottom to
top: 10 ml sample in 50% sucrose, 9 ml 45% sucrose-TEC, 9 ml 41%
sucrose-TEC and 9 ml 25% sucrose-TEC. The gradients were spun at

240 E. Modesto et al.: MIP28 Channels in Bilayers



23,500 rpm for 2 hr and the 41–25% interface collected from each tube.
Each sample was diluted to a final volume of 36 ml with TEC and
mixed thoroughly. After pelleting (SW28, 23,500 rpm, 1 hr) samples
were resuspended in TRIS buffer at concentrations of 1–3 mg/ml, as
determined by Lowry assay, and stored at −70°C for not more then
three months before use.

ELECTROPHORESIS ANDWESTERNBLOT

After isolation, lens membrane fractions were electrophoresed in SDS-
PAGE (12.5% gels). Gels were loaded with varying amounts of total
protein and stained with Coomassie Blue to check for enrichment in
MIP28. Western blotting was performed after transfer of electropho-
resed proteins to nitrocellulose membranes using a monoclonal anti-
body kindly supplied to Dr. Ross Johnson (University of Minnesota)
and previously characterized (Sas et al., 1985). Blots were stained with
anti-mouse IgG conjugated to alkaline phosphatase (Sigma Chemical).
MIP presence was detected by reaction with 5-bromo-4-chloro, 3 in-
doyl phosphate/nitro blue tetrazolium and blue color development.
Alternatively, blots were incubated with a rabbit anti-mouse IgG and
then exposed to125I protein A.

SOLUBILIZATION AND RECONSTITUTION OFMIP

After membrane isolation, MIP was solubilized in detergent and re-
constituted into liposomes. Samples of the membrane preparations (0.3
ml, ∼3 mg/ml) were solubilized overnight at 4°C in 300ml of 4%
solutions (v/v in 300 mM K2SO4, 5 mM MES, pH 5.8 with 1 mM azide)
of the following detergents: octyl-b-D-glycopyranoside (OG), CHAPS,
and Triton X-100 (TX). Solutions were centrifuged at 100,000 ×g for
60 min and supernatants were then added to 5 ml of a solution con-
taining 5 mM MES pH 5.8, 1 mM DTT, 50 mg asolectin (Sigma, type
II) and either 10% OG, 0.6% CHAPS or 5% TX. The lipid protein
mixture was placed in a dialysis bag (Mr cutoff 3.5 kD; Spectrum
Medical) and dialyzed twice for 48 hr at 4°C against 2 liters of a
solution with the following composition (in mM): 300 K2SO4 or 150
KCl, 5 MES pH 5.8. The liposomes thus formed were used for incor-
poration of MIP into the planar bilayers.

PROTEOLYSIS OFMIP

Lens membrane preparations were proteolyzed with trypsin as previ-
ously described (Keeling et al., 1983). In short, 50mg of membranes
was mixed with 25 TRIS pH 7.6, 5 CaCl2 and 2mg of trypsin for 2 hr
at 37°C. The reaction was stopped by the addition of 20mg of soybean
trypsin inhibitor and the membranes pelleted at 16,000 ×g for 30 min.
Samples of the digested proteins were then submitted to electrophoresis
before reconstitution into liposomes.

PHOSPHORYLATION OFPURIFIED LENSMEMBRANE

Chicken and bovine lens membranes were isolated as described above.
Membranes treated with 10 units of alkaline phosphatase (molecular
biology grade, Boeringer Mannheim) were incubated in 50 mM NaCl,
1 mM phenylmethylsulfonyl fluoride (Sigma), 100 mM Tris-HCl, pH
8.0 at 37°C for 3 hr, washed with 7M urea, 50 mM Tris-HCl, pH 7.6 and
then washed twice with the same solution without urea. Membranes
were treated with cAMP-dependent protein kinase (Sigma, P5511, 100
mg/ml) in a phosphorylation reaction mixing containing 50 mM

HEPES-pH 7.5, 10 mM MgCl2, 5 mM cAMP [Sigma, A6885], 500mm
ATP (Sigma, A5394-supplemented with Amersham, PB170 −

(g32P)ATP to 0.25 Ci/mmol], and lens membranes (1 mg/ml). Kinase
incubations were carried out at room temperature for 30 min and were
terminated by pelleting in a microcentrifuge (12,000 ×g), washing
once in buffer and recentrifuging. Pelleted membranes were analyzed
by SDS-PAGE on 12.5% gels with Coomassie Blue staining. After
drying the gels under vacuum, autoradiography was performed over-
night using Kodak XAR 5 film.

BILAYER RECORDINGS

Planar lipid bilayers were formed in 200–300mm orifices in teflon cups
from a solution of asolectin (Type II, Sigma Chemical, St. Louis, MO)
in decane (30% w:v), using the painting technique. Membrane resis-
tance was checked before the addition of protein and usually exceeded
100 gigaohms. After membrane thinning, liposomes containing mem-
brane fractions highly enriched for MIP were added to the CIS com-
partment (total volume4 2 ml) under conditions of constant stirring
with an imposed voltage of 50 mV, CIS side positive. The voltage
clamp amplifier was used assembled from a current to voltage con-
verter (Burr-Brown OPA104) with a feedback resistor of 109 V, a
booster circuit to increase frequency response, and a variable gain
output stage (seeAlvarez, 1986). A pulse generator, driven by batter-
ies, supplied DC voltages of either polarity or voltage ramps of varying
amplitude across the membrane. When ramps were used the potential
was swept from negative to positive values at a variable rate; at the end
of the ramp the potential was quickly reversed to the original negative
voltage. When not pulsed, the membrane was always held at zero mV
transmembrane potential. The transmembrane voltage was applied to
the CIS compartment, while the TRANS compartment was held at
virtual ground. The transmembrane voltage and current were moni-

Fig. 1. Major protein composition of MIP28-enriched membrane frac-
tions isolated from chicken lens. Lane 1 shows Coomassie Blue stained
SDS PAGE of the isolated membrane fraction. Note the presence of
two proteins with distinct Mr in this sample. Lane 2 shows a Western
blot of the sample shown in lane 1 using an antibody specific for
d-crystalline. Note that the only protein recognized by this antibody
corresponds in Mr to the lower mobility protein in lane 1. Lane 3 shows
a Coomassie Blue stained gel of a sample ofd crystalline purified from
chicken lens. Note that this protein runs on SDS PAGE with a mobility
corresponding to the only band in lane 2 and the upper band in lane 1.
Lane 4 shows a Western blot of the MIP28 enriched preparation (lane
1) using a monoclonal antibody specific for MIP28 at 1:20 dilution for
2 hr at RT. The membrane was then exposed to125I protein A (1:1000)
for 1 hr at RT. Note that the single stained band has mobility similar to
that of the lower band in lane 1. Lettered arrowheads to the left indicate
Mr of 20, 29, 45, 66 kDa (bottom to top) obtained from Coomassie
Blue stained SDS-PAGE of Mr standards.
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tored on a 2-channel oscilloscope (Meguro, MOS 1251) and recorded
using a Gould (2200) chart recorder. In some experiments, data were
also recorded on tape after pulse code modulation (Neurocorder, model
384) for subsequent analysis. Most recordings were obtained in solu-
tions containing varying concentrations of KCl or K2SO4 under sym-
metric or asymmetric conditions (indicated in figure legends). In ex-
periments carried out at pH 5.8 mM 2-(N-morpholino)ethanesulfonic
acid (MES), was used as a buffer; for the experiments carried out at pH
7 we used 5 mM N-2-hydroxyethylpiperazine-N8-2-ethanesulfonic acid
(HEPES). In some experiments calcium (1–5 mM) was added to the
solutions.

Results

CHARACTERIZATION OF INTACT AND PROTEOLYZED LENS
MEMBRANE PREPARATIONS

Figure 1 shows a Coomassie Blue stained gel (lane 1) of
the lens membrane preparations used for reconstitution
of MIP into liposomes. Two bands are easily identified
in this heavily loaded gel (100mg/lane): a minor band at
54 kDa and a more prominent band running at about 28
kDa. The 28 kDa protein is MIP, as detected by Western
blots using a monoclonal antibody to MIP (lane 4). The
54 kDa band is recognized in Western blot using a mono-
clonal antibody specific ford-crystalline, the major pro-
tein in the lens cytoplasm (lane 2), and the major protein
in a purifiedd-crystalline preparation runs as a band of

Fig. 2. Channels incorporated into planar lipid bilayers from membrane fractions enriched in MIP28 (as shown in lane 1 of Fig. 1). Records were
obtained in symmetric solutions containing 300 mM K2SO4, 5 mM MES, pH 5.8. InA, the transmembrane currents were recorded at the voltages
indicated alongside the capacitive artifacts corresponding to the changes in voltage. The arrows to the left indicate the zero current level in each
record. Gating by voltage is reflected by the decrease in current after the onset of the transmembrane potential. At +30 mV, closures to bare bilayer
conductance can be detected. Subconductance states are present in almost all records shown. InB, a voltage ramp (V) from −50 to +50 mV was
applied to the bilayer. The current trace (I) shows voltage-dependent closure of the MIP28 channels when transbilayer potentials of either polarity
reach the 20 to 30 mV range.

Fig. 3. Normalized steady-state conductance (G) as a function of trans-
membrane potential. Values forG were obtained from five different
experiments in which MIP28 was incorporated into asolectin painted
bilayers (30 mg/ml in decane) under symmetric solutions of 150 mM

KCl, 5 mM MES, pH 5.8. Experiments were independently normalized
and each point in the graph represents the mean of the normalized
values obtained at a particular voltage. The bars are the standard de-
viations, and where not present are smaller than the width of the sym-
bols. Superimposed smooth curves represent the best fit of the Boltz-
mann equation (see text) to the experimental data.

242 E. Modesto et al.: MIP28 Channels in Bilayers



similar mobility in a Coomassie Blue stained SDS-
PAGE (lane 3). This 54 kDa protein is thus very likely
to correspond tod-crystallin.

VOLTAGE DEPENDENCE OFMIP28 CHANNELS

We examined voltage-dependent gating of the MIP chan-
nels by using both voltage pulse and ramp stimulus pro-
tocols. Figure 2A shows single-channel records obtained
during the application of ±10, ±20 and ±30 mV voltage
pulses. The largest and most active of these channels
exhibited voltage dependence, such that the channel re-
mained at the highest conductance level most of the time
at ±10 mV, and spent more time at lower conductance
levels with increasing voltages of either polarity. The
latency to first closure of the largest channel also de-

creased as the voltage was increased. Intermediate con-
ductance levels of various amplitudes and durations are
also present in most of these records. In Figure 2B we
show the voltage dependence of the channel when a volt-
age ramp was applied across the bilayer, driving the
transmembrane potential from −50 to +50 mV. The first
20 sec of this recording is characterized by brief open-
ings of large conductance channels, due to the polarity
reversal from +50 mV at the end of the previous ramp to
−50 mV at the beginning of this voltage ramp. Thereaf-
ter, a stable low conductance state is reached. As the
voltage approached −20 mV the channels opened and
remained open until the ramp reached positive voltages
around 25–30 mV, when the channels closed once again.
Thus, with regard to pulse protocols (Fig. 2A), and with
voltage ramps over most of the voltage ranges (Fig. 2B),
the steady state conductance of MIP28-containing mem-
branes varied symmetrically with voltage, as was previ-
ously described for the homologous bovine lens protein,
MIP26 (Zampighi et al., 1985). To compare the voltage
dependent behavior of MIP28 channels to that of MIP26
(Zampighi et al., 1985), we plotted the steady-state con-
ductance of membranes containing MIP28 as a function
of membrane voltage (Fig. 3). The points in this figure
represent the mean ±SD of 5 experiments carried out
under symmetric conditions in 150 mM KCl, 5 mM MES,Fig. 4. MIP 28 enriched membrane fractions were solubilized in either

4% Triton X-100 (TX-100), 4% n-octyl-b-D-glucopyranoside (O-G) or
1% sodium dodecyl sulfate (SDS) and then reconstituted into lipo-
somes after extensive detergent dialysis (seeMaterials and Methods).
Liposomes formed in this way were then incorporated into asolectin
painted bilayers (30 mg/ml in decane) and voltage ramps were applied
to the bilayer. Voltage dependence is quite pronounced when TX-100
or O-G are used to solubilize the membrane fractions. However, under
SDS voltage gating is only detected when transmembrane voltages in
excess of ±80 mV are reached (seearrows). For the two upper records
the voltage ramps used swept the membrane potential from −50 to +50
mV, while for the last record the voltage varied from −100 to +100 mV.
All records were obtained in asymmetric solutions of the following
composition (in mM): 300 K2SO4, 5 MES, pH 5.8 (CIS compartment),
70 K2SO4, 5 MES, pH 5.8 (TRANS compartment).

Fig. 5. Coomassie Blue stained 12.5% SDS-PAGE of MIP28 enriched
membrane fractions from chicken lens before (lane 1) and after (lane 2)
proteolytic digestion with trypsin. Membrane fractions enriched in
MIP28 display two prominent bands, at about 54 kDa and at about 28
kDa (lane 1). Proteolysis (lane 2) cleaves the proteins into a major 21
kDa product and smaller peptide fragments. Both lanes were loaded
with 100mg of protein. Molecular weight markers, with their respec-
tive mass in kDa are shown to the left.
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pH 5.8. The solid line was obtained according to the
Boltzmann equation1:

G` 4 (gmax − gmin)/(1 + exp (n/kT (V − V0)))
+ gmin + gmin

The best fit was determined by linear regression of the
experimental values obtained for ln (g − gmin)/(gmax− g)
vs. transmembrane voltage, whereg is normalized
steady-state bilayer conductance,gmax is maximalg and
gmin is the voltage-insensitive residual conductance
reached at very high voltages (Spray, Harris & Bennett,
1981; Harris, Spray & Bennett, 1981). The Boltzmann
parameters obtained wereV0 4 18.5 mV,n 4 4.5 and
gmin 4 0.17, indicating a rather steep voltage depen-
dence for the MIP28 channels. To exclude the possibil-
ity that detergent effects might influence the voltage de-
pendence of MIP28 channels, we reconstituted MIP28
solubilized by octylglucoside (0-G in Fig. 4) and Triton
X-100 (TX-100 in Fig. 4) and examined voltage gating
using ramp protocols. These studies did not reveal strik-
ing differences between membranes solubilized using

1 Although strictly this relation should only apply to two-state channels
in which transitions from one state to another are reversible and where
the transitions from closed to open state are a function of the electric
field across the bilayer, it has been usefully employed to compare
properties of different types of gap junction and VDAC channels,
where substates certainly exist (e.g., Schein et al., 1976; Spray et al.,
1981).

Fig. 6. Removal, by trypsinization, of a large portion of the C-terminal region of MIP28 (seeFig. 5, lane 2) does not alter its channel properties.
Records of transmembrane currents were obtained in symmetric solutions of 300 mM K2SO4, 5 mM MES, pH 5.8. The native protein was trypsinized,
as described in Materials and Methods, resulting in a 21 kDa fragment that was then incorporated into the bilayer. InA, transmembrane currents
were measured at the indicated potentials when the native (MIP) and the trypsinized (MIPtryp) proteins were reconstituted into asolectin painted
bilayers. Trypsinization did not alter significantly the amplitude of the single-channel transitions (1.55 nS for the largest transition in MIP and 1.50
nS in MIPtryp) or the occurrence of substate levels. Calibration bars indicate the currents in pA (vertical) and the time in sec (horizontal). InB,
average transmembrane currents were recorded as eight consecutive voltage ramps swept the membrane potential from −60 to +60 mV. Current was
then normalized to the maximum current value obtained when control and trypsinized MIP were reconstituted into bilayers to allow comparison of
the voltage sensitivities under these conditions. The ordinate represents the normalized average current and the abscissa the transmembrane voltate
in mV. Voltage-dependent gating is not influenced by trypsinization as indicated by the quasi-superimposableI-V relations.

Fig. 7. Records of transmembrane currents (I) obtained in symmetric
solutions of 300 mM K2SO4, 5 mm MES, pH 5.8 as the transmembrane
voltage (V) was varied from −65 to +65 mV. The upper current trace (0
min) is a control record, taken after incorporation of 15 mg of MIP28,
the native protein, to the bilayer. The lower current trace (10 min) was
obtained 10 min after the addition of 0.5mg trypsin to both recording
chambers and illustrates that voltage dependent gating is not signifi-
cantly altered by the presence of the enzyme.
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these detergents and those solubilized using CHAPS
(Fig. 2B). We also incorporated MIP28 into neutral
membranes (PE:PC, 10 mg/ml in decane, Avanti Chemi-
cals) and observed voltage gating using the same range
of transmembrane voltages (results not shown). How-
ever, when MIP28 was solubilized in SDS, voltage gat-
ing of the reconstituted channels was significantly al-
tered, the channels closing only in response to voltages in
excess of ±80 mV (Fig. 4).

PROTEOLYSISDID NOT AFFECTSINGLE-CHANNEL
CONDUCTANCE ORVOLTAGE DEPENDENCE OF

MIP28 CHANNELS

Digestion of membrane preparations enriched in MIP28
resulted in cleavage of the protein into a 21 kDa peptide
(lane 2, Fig. 5) and smaller peptide fragments that were
not well resolved on 12.5% SDS PAGE. Preparations
obtained in this way were incorporated into lipid bilayers
in order to compare properties of the normal and proteo-
lyzed proteins. When the proteolyzed MIP28, desig-
nated as MIP21 (seeFig. 5, lane 2) was reconstituted into
bilayers, events of various unitary conductances were
recorded (Fig. 6A, lower trace) that did not differ mark-

edly from those obtained with the native protein (Fig. 6A,
upper trace; Fig. 2A). When the voltage dependence was
examined using a ramp protocol driving the membrane
potential from −60 to +60 mV, we also saw no major
differences between the behavior of channels formed by
MIP28 and MIP21, as is illustrated in Fig. 6B in which
currents recorded during eight consecutive ramps were
averaged to compare macroscopic voltage sensitivities of
native and trypsinized MIP. In addition to these experi-
ments in which MIP21 was directly incorporated into the
bilayer, we have performed experiments in which the
native protein (MIP28) was first incorporated into the
bilayer and then the proteolytic enzyme was added to
both bilayer chambers. At 10 min after 0.5mg of trypsin
was added to the bathing solution containing 15mg na-
tive protein (equivalent to the enzyme: substrate ratio
that resulted in virtually complete proteolysis of MIP28:
Fig. 5), the voltage dependence was not appreciably al-
tered (Fig. 7).

MIP28 WAS NOT PHOSPHORYLATED BYPROTEIN
KINASE A

Lens membranes from both calf and chicken were incu-
bated with cAMP-dependent protein kinase as described
in Materials and Methods. The major protein band in
each of these preparations was MIP (Fig. 8A). Phosphate

Fig. 8. Phosphorylation of bovine but not chicken lens membranes (10
mg of protein) by cAMP dependent protein kinase. The Coomassie
Blue stained gel (A) and corresponding autoradiograph (B) are shown.
Numbers in the center indicate molecular standard masses in kDa. Lane
1 shows bovine lens membranes. Lanes 2 and 3 show chicken lens
membranes. The membranes in lane 3 were treated with alkaline phos-
phatase prior to cAMP dependent phosphorylation (seeMaterials and
Methods), note that phosphate incorporation was not detected in
chicken lens membranes.

Fig. 9. Unitary conductances of MIP29 channels. (A) Unitary currents
recorded in symmetric solutions of 150 mM KCl, 5 mM MES, pH 5.8.
After setting the transmembrane potential to +55 mV transmembrane
current varies due to the voltage-dependent closure and opening of
MIP28 channels. The arrow points to the zero current level. (B) Fre-
quency histogram of the time spent in each current level for the record
illustrated inA. Two main conductances levels are prominent at 290
and 60 pS.
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incorporation into bovine lens membranes as a result of
cAMP-dependent protein kinase was localized in two
major phosphoproteins, MIP26 and a minor band at 19
kDa (MP19, Fig. 8B, lane 1) as has been reported pre-
viously (Johnson et al., 1985; Garland & Russel, 1985;
Louis et al., 1985; Johnson et al., 1986; Lampe et al.,
1989). Chicken MIP (MIP28) exhibited slightly lower
electrophoretic mobility than bovine MIP (compare lanes
1 and 2 in Fig. 8A andseeSas et al., 1985), and appar-
ently did not contain MP19 (Fig. 8B, lane 2). Chicken
MIP, in contrast to bovine MIP, was not phosphorylated
by cAMP-dependent protein kinase to any significant
extent (compare lanes 1 and 2 in Fig. 8B). Treatment of
chicken membranes with alkaline phosphatase, which ef-
fectively removed phosphate from immunoprecipitates
of connexin43 under similar conditions (Moreno et al.,
1994), did not increase the level of subsequent phosphor-
ylation with protein kinase A (lane 3, Fig. 8). Treatment
of bovine lens membranes with alkaline phosphatase
only released a very small amount of phosphate (results
not shown; seeLouis et al., 1985), which is consistent
with the low level (8–20%) of endogenous phosphory-
lation of bovine MIP (Lampe et al., 1990; Ehring et al.,
1991).

OTHER PROPERTIES OFMIP28 CHANNELS

In 150 mM KCl, the single-channel conductance of
MIP28 was found to be approximately 230 pS as illus-

trated in Fig. 9. InAwe show a 140-sec duration unitary
current record obtained at +55 mV, and inB the resulting
histogram for time spent in each current level. Two pre-
ferred conductance states are evident in this Figure (at
290 and 60 pS), but other conductance levels are also
present. Although closures to bare bilayer are not shown
in this recording, such closures did rarely occur. To
evaluate selectivity, we measured the shift in reversal
potential (Er) after doubling salt concentration in the
trans compartment, as illustrated in Fig. 10. We only
included in our analysis those experiments where the
junction potential at the end of the experiment varied by
less than 0.5 mV, a value corresponding to 10% of the
average shift inEr observed in five different experiments
(meanEr 4 −5.1 mV). A slight anion selectivity was
also observed for the chicken MIP isoform with PCl/PK
4 1.87, a value which is quite similar to that of 1.8
previously described for the bovine homologue (Ehring
et al., 1990).

Calcium (millimolar range) and pH (from 5.8 to 7.0)
did not affect single-channel conductance (not shown).
At millimolar concentrations, however, calcium did de-
crease the open probability of the channel. As seen in
Fig. 11, in an experiment where at least 3 channels were
present in the bilayer, the addition of 5 mM calcium to
both chambers led to a significant decrease in the amount
of time all three channels were found in the open state, in
contrast to the control situation (0 Ca) where no calcium
was added to the solutions and therefore free calcium
concentration should have been in the micromolar range.

Discussion

A major issue in studies in which membrane proteins are
reconstituted into lipid bilayers relates to the nature of
the channel forming protein, especially when analyzing
single or few channel current records. Trace amounts of
contaminating proteins, undetected by gel staining tech-
niques, might account for the observed channel activity.
The absence of specific physiological or pharmacologi-
cal properties for lens MIP channels renders the task of
attributing the observed channel activity to a specific
protein even more difficult. However, we argue that
MIP28 is the channel-forming protein in our reconstitu-
tion experiments based on the following: using the sta-
tistical arguments raised by Zampighi et al. (1985) the
protein responsible for channel formation should account
for at least 20% of the total protein present in lens mem-
brane preparations. Even in our heavily loaded gels (see
Fig. 1) only two products reach that high proportion of
the total protein: MIP28 and the 54 kDa protein. We
believe that the 54 kDa protein is eitherd-crystallin or an
MIP dimer, but to verify that the other band was the
channel forming protein we reconstituted the electro-
eluted 28 kDa band in liposomes. Figure 12 shows the
channel activity recorded from the electro-eluted MIP28

Fig. 10. I-V relation for chicken MIP incorporated into asolectin
painted bilayers under symmetric (curve 1) and asymmetric (curve 2)
salt solutions. Curve 1 was obtained with 0.1M KCl in both compart-
ments and curve 2 when the salt concentration in the TRANS com-
partment was raised to 0.2M KCl. Voltage ramps driving the trans-
membrane potential from −80 to +80 mV were applied and the result-
ing currents recorded. The solid lines represent the mean values,
calculated after digitizing the transmembrane currents of four different
experiments. Error bars are indicated for each curve. The reversal po-
tential after increasing the salt concentration in the TRANS compart-
ment was −5.1 mV, resulting in a calculated PCl/PK ratio of 1.87.
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reconstituted into liposomes after a detergent exchange
procedure as described by Hanke et al. (1990). The
single-channel conductance was quite similar to that ob-
tained from our membrane preparations under identical
reconstitution conditions. Electro-elution and reconstitu-
tion of the 54 kDa band using the same procedure did not
result in channel activity, thus leading to the conclusion
that MIP28 was most likely responsible for the observed
channel activity in our lens membrane preparations. It
also seems unlikely that the presence of a contaminating
connexin might form the channels which we have stud-
ied here, because reconstitution of gap junction hemi-
channels would be expected to produce asymmetricgj −
Vj relations (Ebihara & Steiner, 1993; DeVries &
Schwartz, 1992; Harris et al., 1992).

Comparison of the properties of chicken and bovine
MIP emphasizes similarities and striking differences.
Both proteins form channels with approximately the
same unitary conductances and ionic selectivities. Cal-
cium and pH do not affect MIP28 single-channel con-
ductance, as was also reported for MIP26 (Ehring et al.,
1990); however we found that mM levels of calcium
significantly reduced the mean open time of the chicken
channels, while Ehring et al. (1990) reported no effect of
varying calcium concentration in the range of pCa 2 to 7.

Voltage gating is strikingly different for the chicken
and bovine MIP channels. Our present studies on MIP28
indicate that it is more voltage sensitive and that the
channel is more completely closed by large voltages of
both polarities. The Boltzmann parameters for the
chicken MIP28 channel areV0 4 18.5 mV, n 4 4.5,
gmin/gmax 4 0.17, while those for the bovine MIP28
homologue areV0 4 57 mV,n4 2.6,gmin/gmax4 0.49
(Ehring et al., 1990). Unfortunately, a full length cDNA
for the chicken MIP is not yet available, so that complete
sequence comparison cannot be made. However, MIP28
and MIP26 are more than 80% identical in their car-
boxyl-terminus halves as deduced by comparison of the
full length clone for bovine cDNA (Gorin et al., 1984)
and the partial length clone for chicken cDNA (Kodama
et al., 1990). There are, however several amino acid sub-
stitutions even in this highly homologous part of the
protein and some of them have clear functional predic-
tions. MIP28 lacks the Ser243 of the bovine sequence,
an important phosphorylation site for c-AMP-dependent
protein kinase. In this paper we have demonstrated that
MIP28 is not phosphorylated by protein kinase A. Ad-
ditionally, Ehring et al. (1991) have shown that phos-
phorylation regulates the voltage dependence of bovine
MIP. Taken together, these data would also explain why

Fig. 11. A. Records of transmembrane current in
asymmetric solutions of K2SO4 (300 mM CIS; 70
mM TRANS), 5 mM MES, pH 5.8, before (0 Ca) and
after the addition of 5 mM CaCl2 to both compart-
ments of the bilayer chamber. Three channels are
present in the record. Channel openings are repre-
sented by downward reflections and therefore the
uppermost current levels correspond to the closed
state for all three channels. After adding Ca2+ the
probability of finding of all channels in the open
state is decreased, as illustrated by the histograms in
the lower portions of the figure, which display the %
time spent at each current level.

Fig. 12. Recording of transmembrane current (A)
and corresponding all points histogram (B) obtained
after the incorporation of electro-eluted MIP28 into
an asolectin painted planar bilayer (30 mg/ml in dec-
ane), in asymmetric solutions containing K2SO4
(300 mM CIS; 70 mM TRANS), 5 mM MES, pH 5.8.
Transmembrane potential was set at −75 mV.
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partial proteolysis of the bovine MIP (which removes the
cAMP phosphorylation site) reduces its voltage depen-
dence (Ehring et al., 1988), while applying the same
treatment to the chicken homologue does not have such
an effect. Based on these functional comparisons, one
may speculate that although in the bovine homologue an
important voltage-dependent regulation site is present in
the C-terminal cytoplasmic tail of MIP, this region prob-
ably does not contain the voltage-sensing region of the
protein. Actually, the structural similarity and the re-
ported differences in properties between the two proteins
should provide helpful insights in choosing regions to
mutate in either the bovine or chicken homologue in
studies aimed at unravelling the functionally significant
domains of the MIP proteins.

The high degree of homology between the lens MIP
and a number of transporters in plants, bacteria and ani-
mal cells has given rise to the concept of an ‘‘MIP fam-
ily’’ of integral membrane proteins (Pao et al., 1991;
Preston & Agre, 1991). Of special interest in this family
are Big Brain, aDrosophilaneurogene product (Rao et
al., 1990), and the erythrocyte and kidney water chan-
nels: CHIP28 (Preston & Agre 1991) and WCH-CD
(Fushimi et al., 1993). mRNAs encoding CHIP28 and
WCH-CD have been injected intoXenopusoocytes re-
sulting in the expression of functional water channels
(Preston et al., 1992; van Hoek & Verkman, 1992;
Fushimi et al., 1993). However, the injected oocytes
showed no alteration in membrane conductance, suggest-
ing that the water channels do not function as ion chan-
nels. A number of laboratories have shown that oocytes
injected with MIP mRNA also fail to exhibit alterations
in total membrane conductance (D.L. Paul, G. Dahl)
personal communication;Mulders et al., 1995; Kush-
merick et al., 1995). Furthermore, Mulders et al. (1995)
reported that oocytes expressing MIP displayed in-
creased osmotic permeability coefficients, although with
permeability values 6-fold smaller than those displayed
by aquaporin-expressing oocytes. The observation that
reconstitution of HPLC-purified (Ehring et al., 1990;
Shen et al., 1992) and electroeluted MIP (Fig. 12, present
paper) into planar lipid bilayers results in ion channel
activity is difficult to reconcile with the oocyte expres-
sion experiments. Either the oocyte system fails to cor-
rectly process the translated protein, as has been reported
for connexin46 (Paul et al., 1991), or the biochemical
procedures used to isolate and reconstitute MIP into ar-
tificial membranes induce conformational changes in the
present that render it ion permeable. The use of mam-
malian expression systems should help in attributing to
MIP a definitive role as an ion or a water channel.
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