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ABSTRACT

A method is reported for isolating a preparation of hepatic gap junctions from the mouse.
The method involves a collagenase digestion, treatment with the detergent Sarkosyl NL-97,
and ultrasonication, followed by sucrose gradient ultracentrifugation. A run with 36 animals
vields 0.1-0.5 mg protein. Electron microscopy with thin-sectioning and negative staining
techniques reveals that the final pellet is a very pure preparation of gap junctions, accom-
panied by a small amount of amorphous contamination. Polyacrylamide-gel electrophoresis
of sodium dodecyl sulfate (SDS)-solubilized material shows one major protein in the junc-
tion, with an apparent mol wt of 20,000, and two minor components. Thin-layer chromatog-
raphy demonstrates one major and one minor phospholipid, and some neutral lipid. Low-
angle X-ray diffraction of wet and dried specimens show reflections which index on an 86 A
center-to-center hexagonal lattice, corresponding closely to electron microscope data.
Dried specimens also show a lamellar diffraction, corresponding to the total profile thickness

of the junction (150 A).

INTRODUCTION

For a long time the erythrocyte ghost was the only
cell membrane that was available in the quantity
and purity necessary for correlated chemical and
morphological studies. In recent years several new
preparations of isolated cell membranes have been
described. In general, cell membranes carry out
many different functions which are localized in
differentiated functional sites (37) The compo-
sition and structure of these functional sites can
be expected to differ considerably from each other
and from the rest of the membrane. Investigations
of isolated whole cell membranes will yield data
which represent an average of the many different
functional sites and are therefore of limited value
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for an elucidation of the relation between struc-
ture and function It appears desirable to obtain
preparations which contain one specific site in
high concentration. We describe here the isolation
of the gap junction which represents such a func-
tional site or, more suitably described, a regular
array of many identical sites: a specialized domain
in the cell membrane.

The gap junction, or nexus, is a specialized
area in the plasma membranes of two apposed
cells It is recognized by iis characteristic morphol-
0gy. A polygonal lattice of globular substructures is
visible in the junction after staining with lantha-
num (15, 33), after freeze fracturing (6, 15, 23,
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26), or after negative staining (2, 3, 15). Its
characteristic appearance serves as a marker
useful both during the isolation of the gap junc-
tions and for determining the purity of the final
preparations. The center-to-center subunit dis-
tance of the lattice has been estimated at 90 A
(15, 33) and the over-all thickness of the junctions
comprising the plasma membranes of both cells at
150 A (15, 34). Gap junctions have also been
described in plasma membrane fractions of rat
liver (3) and goldfish medulla (40, 41).

The gap junction is believed to be the site, in
certain tissues, of intercellular passage of ions and
larger molecules (1, 7, 11, 12, 13, 15-18, 22, 24,
26, 27, 30-32, 34). The coexistence of gap and
septate junctions in a variety of invertebrates
(9, 14, 19, 20, 28, 35) implicates the gap junction
as the site of electrotonic coupling in these tissues as
well Thus, the isolation of gap junctions with
apparently unaltered morphology in sufficient
quantity and purity for chemical studies, antibody
production, and X-ray diffraction analysis can
be expected to aid us substantially in an under-
standing of the molecular mechanisms involved in
intercellular communication.

MATERIALS

AND METHODS

Mature mice obtained from Simonson Breeding Lab-
oratory (Gilroy, California) were used throughout

Fixation was performed as described previously
(15). For freeze cleaving, small pieces of fixed liver
were treated with 20%, glycerol in 0 1 M cacodylate
buffer for 1 hr. Freeze-cleaved replicas were then pre-
pared using a Balzers apparatus (Balzer High Vac-
uum Corporation, Liechtenstein) at —115°C

Isolation of Junctions

Preparations of crude membranes were isolated as
described previously (15). The final preparation of
the gap junctions was isolated from this crude pellet.

After isolation on the discontinuous gradient, the
crude pellet was collected and washed two times in
0.99% NaCl adjusted to pH 7.4 with saturated
NaHCO; by sedimentation at 4000 rpm for 10 run
in the Sorvall 88-34 rotor (Ivan Sorval, Inc., Nor-
walk, Conn.). The final pellet was resuspended in 10
ml of 019 collagenase and 0.1%, hyaluronidase
(type 1, Sigma Chemical Co., St Louis, Mo.) in bi-
carbonate-saline and digested for 1 hr at room tem-
perature.

The membranes were then pelleted at 4000 rpm
for 10 min in the Sorvall $8-34 rotor and resuspended
in bicarbonate buffer (1 mm NaHCO;, pH 8.2) at
room temperature. To this suspension was added 10
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ml of 1% Sarkosyl NL-97 (Geigy Chemical Corp.,
Ardsley, N. Y ) to give a final concentration of 0.5%
detergent The solution was then ultrasonicated for 6
sec at medium power with the probe inserted directly
into the membrane-detergent solution (Sonic Dis-
membrator, Quigley Rochester, Rochester, N. Y.).
Longer sonication reduced the junctions to succes-
sively smaller fragments.

After sonication, the preparation was allowed to
stand for 10 min at room temperature and was then
centrifuged for 15 min at 20,000 rpm in the Sorvall
$S-34 rotor. The supernatant was discarded, and the
residual pellet, now greatly reduced in size, was resus-
pended in 1 ml of bicarbonate buffer and layered at
the top of a continuous linear sucrose gradient with
d = 1.20 and 4 = 1.127 the homung densities The
gradients were spun at 283,000 g for 40 hr at 2°C.

The gradients were then collected in 12-drop sam-
ples along with dummy gradients used for measuring
sucrose densities. Absorption of fractions was read at
280 mu. The tubes containing the junctions were
pooled and pelleted at 283,000 g for 1 hr. These final
pellets were then used for electron microscopy, chem-
ical analysis, and X-ray diffraction. Usually, 36
mouse livers were used per run.

Junctions were negatively stained on carbon-coated
Formvar grids with sodium phosphotungstate at pH
7.0.

Thin-layer chromatography of chloroform-meth-
anol extracts of junctions was done as described pre-
viously (15), using the solvent system of Wagner et al.
(38).

Disk electrophoresis was done on 7.5% acrylamide
gels (25) with 1% sodium dodecyl sulfate (SDS). Sam-
ples were solubilized in 19 SDS for 1 hr before elec-
trophoresis at room temperature Gels were run at 2
ma per gel until bromphenol blue markers had run
three-fourths the tube length The gels were then fixed
overnight in 209, 5-sulfosalicylic acid, stamed in
0.25%, Coomassie blue in 50%, methanol-acetic acid
(10:1) for 4-6 hr, and destained in several changes of
acetic acid-methanocl-water (7.5:5:87.5) over a pe-
riod of days. Photographs of the gels were scanned
with a Joyce-Loebel scanning microdensitometer
(Joyce, Loebel & Co., Inc., Burlington, Mass.).

K-ray diffraction was done with a Franks camera
(10) using a doubly reflected beam of CuKe radiation
from a Jarrell-Ash X-ray generator (Jarrell Ash Div,
Fisher, Scientific Co, Waltham, Mass) passed
through a nickel filter. Diffraction distances were
varied between 7 and 10 cm and were calibrated using
crystal of uranyl stearate Pellets of centrifuged junc-
tions were introduced into 0.5 mm glass capillaries
which were then heat-sealed. Dried specimens were
allowed to dry at 4°C in the capillaries before sealing.
X-ray photographs were taken with the camera evac-
uated to 1 mm Hg, exposures lasting from 24 to 48 hr.
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Freure 1 A freeze-fracture replica of whole mouse liver. A bile canaliculus is seen at the top of the figure
closely surrounded by a weblike zonula occludens (Z0). At variable distances from the canaliculus, four
gap junctions (GJ) may be seen. At the top right (arrow) a thread of zonula occludens has branched from
the main body of the junction and partially encompasses a gap junction macula. The inset shows a portion
of a freeze-fractured zonula occludens in mouse liver. In this area, gap junctions (GJ) are seen completely
sequestered within the chambers between the ridges and furrows of the zonula occludens. X 41,100,
Inset, X 65,700.

Films were scanned with a Joyce-Loebel scanning 1, the gap junction is easily distinguished in freeze-
microdensitometer cleaved material from areas of nonjunctional
plasma membrane and from the weblike zonula
occludens. Occasionally, tiny gap junctions are
The gap junction in whole mouse liver may sequestered within the chambers between the
assume a variety of macular shapes. Asseen in Fig.  threadlike contacts of the zonula occludens (23;

RESULTS
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Figure 2 Optical density (OD), at 280 my, of the fractions collected from the continuous sucrose gradi-
ents (open circles). The closed circles show the concentration of sucrose in a parallel grachent collected
in similar samples. Most of the sample stays at the top of the gradient (tubes 25-85). A small amount
of matenal, the gap junctions, penetrates the gradiant and bands in tubes 14-20.

and inset, Fig. 1), and solitary threads of the
zonula occludens may branch from the main
body of the web structure and partially encompass
a nearby gap junction plaque (arrow, Fig. 1)
Although the iwo junctional types are occasionally
intimately associated, the isolation procedure
separates the zonulae occludentes and the non-
junctional plasma membranes from the gap
junctions.

The continuous gradient concluding each run
as described in the Methods section was collected
in 12-drop samples On several runs, blank
gradients were also collected in parallel and the
sucrose densities of the samples were determined
by refractometry (Fig 2) Most of the sample
remained at the top of the gradient A small
amount of material, the gap junctions, entered the
gradient and banded at roughly 38%, sucrose
(d = 1.16) The amount of protein in this band 1s
small (0 1-0 5 mg) and represents the vield from
36 ammals. Micrographs of sections of the final
isolated pellet are shown in Figs. 3 and 4 Fig. 3
demonstrates that the pellet contains mostly gap
junctions of varying sizes, with very little con-
taminating material. Fig. 4 shows the isolated
junctions at a higher magnification. The 2 nm
gap characteristic of these junctions is intact
(small arrows) At this higher magnification, an
amorphous contamination in the preparation is
evident (AC in Fig 4). This contamination ap-
pears in varying amounts from preparation to
preparation Due to its association with the ends
of the gap junctions (large arrow, Fig. 4), it is
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thought to be of nonjunctional plasma membrane
origin.

Figs 5 and 6 are micrographs of negatively
stained samples of isolated material. The polyg-
onal lattice of subunits appears intact and there is
very litle nonjunctional material visible in the
preparation.

The gap junctions are disrupted by 01-1 0%
SDS Polyacrylamide gel electrophoresis with SDS
of the solubilized junction preparation is shown in
Fig. 7 a, tube 6 One major band 15 seen migrating
between the pancreatic RNase (mol wt 13,000)
and trypsin (mol wt 23,000) markers. There are
also two minor bands, one of heavier and the other
of lighter molecular weight It is not known if
these minor components are junctional proteins
or if they are related to the amorphous contamina-
tion seen in Fig 4

Fig 7 b 15 a microdensitometric scan of tube 6
The differences in intensity and hence relative
concentration between the major peak and the two
minor peaks may be seen Before a molecular
weight can be determined from the electrophoresis
data, these junctional proteins must be checked
for carbohydrate moieties (36).

Fig. 8 shows a drawing of a thin-layer chromato-
gram of the lipids extracted from the isolated gap
junction preparation There is only one major
phospholipid, tentatively identified as phospha-
tidylcholine, and a minor component with an R,
sumilar to that of phosphatidylethanolamine In
addition, there issome neutral lipid migrating at the
solvent front

649



Figure 8 A thin section of the pellet obtained from the isolation procedure at low magnification. The
pellet contains mostly gap junctions, although some amorphous contamination is visible (arrow). X 61,400.

Ficure 4 The pellet of isolated gap junctions at high magnification. The junctions still have their char-
acteristic 2 nm gaps (small arrows). The amorphous contamination (AC) 1s visible here, and it frequently
appears associated with the ends of the junctions (arrow). X 163,000.

630



Figures 5 and 6 Negatively stained (sodium phosphotungstate) gap junctions from the isolated prepa-
ration. The lattice of subunits appears intact and regular following the isolation procedure. Fig.
5, X 81,900; Fig. 6, X 128,300.
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Figure 7 Fig. 7 e is a drawing of six polyacrylamide
gels run with 197 SDS. The first five gels contain marker
proteins: 1 = bovine serum albumin, 2 = pepsin, 8 =
a-chymotrypsin, 4 = trypsin, 5 = pancreatic RNase.
Tube 6 contains the gap junction pellet treated with
1% SDS for 1 hr before running Tube 6 shows one
major band, flanked by two minor bands of heavier
(large arrow) and lighter (fine arrow) molecular weight.
Fig. 7 b is a microdensiometrie scan of a photograph of
tube 6, showing the relative intensities of the three com-
ponents. The arrows labeled R in both (@) and (b) indi-
cate the direction of electrophoresis.

Figs. 9 and 10 show low-angle X-ray diffraction
patterns from 1solated junction pellets Spacings
were calculated from these films as Bragg reflec-
tions Fig 9 is a pattern from a wet pellet of the
junction and shows two strong rings at 0 0138 A™?
and 0023 A™L Fig. 10 is a pattern from the junc-
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tional pellet after drying in the capillary tube
The meridian shows maxima at 0.0061, 00133,
0.02, and 0.0252 A7t The equatorial reflections
show three peaks at 0 0135, 0.0235, and 0 0358-
0.04 A™L Table I shows these results tabulated
beside diffraction maxima expected from a
lamellar structure 150 A thick with a hexagonal
lattice in the plane of the membranes with a
center-to-center distance of 86 A.

As can be seen from Table I, the wet junction
pattern and the equatorial reflections of the dried
junction pattern index closely to the spacings pre-
dicted from a hexagonal array of subunits with a
center-to-center distance of 86 A. The meridional
reflections of Fig. 10, however, index closely to the
spacings expected from a lamellar structure of
150 A thickness, and hence may correspond to the
junctional profile

At much higher angles, not reproduced in Fig.
10, it is possible to see two broad, diffuse bands at
0.095 and 023 A™!, probably arising from
protein and lipid, respectively (8).

DISCUSSION

The isolation method described in this paper yields
a small quantity (0 1-0.5 mg protein) of relatively
pure gap junctions from 36 mouse livers (60 g of
tissue). Morphometric data have revealed that
1.59% of the 0.9 m?/g of membrane surface in mouse
liver is occupied by gap junctions (R. Bolender,
personal communication). Assuming a density of
d = 1.16 and a profile thickness of 150 A for the
junctions, the yield of gap junctions obtained with
this isolation method is in the range of 10%,.

The isolated junction preparation contains
varying amounts of amorphous contamination
visible in thin-sectioned and negatively stained
specimens. Because this amorphous material is
frequently associated with the edges of the gap
junctions, it appears likely that the contaminant
arises from residual nonjunctional plasma mem-
branes

Preliminary chemical analyses of the prepara-
tion with SDS polyacrylamide gel electrophoresis
and thin-layer chromatography reveal that the
junctions have a relatively simple protein and lipid
composition The electrophoresis gels show one
major protein peak with an apparent mol wt of
20,000. It has not been determined at this time
whether the two minor peaks are junctional pro-
teins or whether they are related to the amorphous
contamination. The lipid composition of the junc-
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Ficure 8 A drawing of a thin-layer chromatogram. Fig. 8 a is a chloroform-methanol extract of the
isolated gap junction preparation, and, for comparison, Fig. 8 & is an extract of the crude whole mem-
brane pellet. The origins of both samples are indicated by the arrows. The gap junctions (¢) show a strong
spot tentatively identified as phosphatidylcholine (pe) and a very weak spot, drawn with dashed lines,
with an R similar to that of phosphatidylethanolamine (p¢). Neuiral lipid (V) may be seen at the sol-

vent front.

tions is also relatively simple when compared to
acetone extracts of crude membrane fractions (15),
lack of sphingomyelin is noteworthy

X-ray diffraction analysis of the gap junction
structure is himited thus far to measurements and
indexing of the diffraction maxima; the two
maxima from wet pellets at 00138 and 0023 A™?
can be indexed as the first two orders of diffraction
from an 86 A center-to-center hexagonal lattice.
These two maxima are present on the equator in
the dried preparations and show little distortion
due to drying. An additional equatorial broad
band may be detected in the dried pattern in the
range of 00358 to 0.04 A~ which spans the ex-
pected location of the fourth and fifth order re-
flections The third order reflection, expected at
0027 A™%, has not been seen on the films thus far
The absence of intervening reflections has been
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known to occur in other systems (5) and has pro-
vided significant structural information The 86 A
center-to-center lattice seen with X-ray diffraction
agrees well with the published electron microscope
data (2, 15, 33, 34)

The meridional maxima seen in the dried junc-
tions index closely to a lamellar structure, 2/150 A,
where % is the diffraction order. These results also
agree closely with the thickness of the gap junction
measured in thin sections (15).

In the wet diffrachon patterns (Fig 9), one
would also expect a contribution from the con-
tinuous diffraction of the junctional profiles (39)
One could assume, for simplicity, that the junction
profile electron density distribution is dominated
by two bilayers separated by a 30 A peak-to-peak
“gap ” Following this assumption, one could then
calculate the square of the Fourier transform of
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Figuee 9 An X-ray diffraction pattern from a pellet of wet gap junctions. As summarized in Table I, the
two rings index on an 86 A center-to-center hexagonal lattice.

Figure 10 An X-ray diffraction pattern from dried gap junctions. The equator shows the same hexag-
onal reflections seen in Fig. 9, with an additional faint reflection spanning the expected location of the
fourth and fifth orders The meridian shows four reflections which fall on the positions expected from a
lamellar structure, 150 A thick. The sharp reflections on the left of the pattern are due to scatter from

one of the knife edges in the edge of the X-ray beam.

TasLe I

Diffraction Maxima in Reciprocal Space (A1) Measured from Figs. 9 and 10 Compared to
Calsulated Maxima

Diffraction Measured Measured Fig. 10
order (%) Fig 9 equatorial
1 0.0138 0.0135
2 0.023 0.0235
3 —_— —
4 _ —
0.0358-0.04
5 —_—

Calculated Measured Fig. 10 Calculated

hexagonal* meridional lamellar}
0 0135 0.0061 0.0067
0.0234 0.0133 0.0133
0.027 0.02 0.02
0.0357 0.0252 0.0267
0.405 -— —

* Maxima expected from a hexagonal lattice with a center-to-center spacing of 86 A.
I Maxima expected from lamellar sheets 150 A in thickness.

such a density distribution and estimate the loca-
tion of the expected diffraction maxima (39)

Calculations of this sort reveal that the first three
maxima would appear at the origin, at 0.0134 A™1
and at 0 02 A7, falling indistinguishably close to
the calculated hexagonal reflections and the meas-
ured wet reflections summarized in Table I One
must conclude, then, that the two rings seen in the
wet diffraction patterns may contain contributions
from both the 86 A hexagonal lattice and the con-
tinuous diffraction from the junctional profiles

654,

Additional experiments must be designed to dis-
tinguish between these two contributions in the wet
preparations.

Apparently, then, the gap junction is a chemi-
cally simple membrane fragment, an observation
consistent with the regular structure observed in
the electron microscope and by X-ray diffraction
A similarly simple and highly ordered cell mem-
brane fragment has been isolated recently from a
bacterium (4, 29). This chemical simplicity should
not be unexpected since isolated differentiated

TraE JourNaL oF Cern Broroey - Voruvms 54, 1972



sites should show a composition with fewer com-
ponents than the highly complex patterns found in
complete cell membranes In the case of the gap
junctions the regular structure of the membrane
domains should greatly facilitate a complete
structural analysis of the molecular level, essential
for an understanding of the detailed mechanisms
of physiological function. While the gap junction
membrane domains are highlv specialized, they
may nevertheless show some fundamental prin-
ciples of membrane structure Of special interest
should be a study of how they arise in an undiffer-
entiated membrane
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