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Atomic Force Microscopy and Dissection of 
Gap Junctions 

An atomic force microscope (AFM) was used to study the structure of isolated hepatic 
gap junctions in phosphate-buffered saline (PBS). The thickness of these gap junctions 
appears to be 14.4 nanometers, close to the dimensions reported by electron micros- 
copy (EM). When an increasing force is applied to the microscope tip, the top 
membrane of the gap junction can be ccdissected" away, leaving the extracellular 
domains of the bottom membrane exposed. When such "force dissectiony' is performed 
on samples both trypsinized and fixed with glutaraldehyde, the hexagonal array of gap 
junction hemichannels is revealed, with a center-to-center spacing of 9.1 nanometers. 

G AP JUNCTIONS CONSIST OF TWO 

apposed plasma membranes that 
contain an array of cell to cell chan- 

nels (1). These channels form aqueous pores 
that allow the free passage of small mole- 
cules ( < 1  kD) in vertebrates and provide a 
low-resistance electrical pathway between 
cells (2). Proposed biological fimctions for 
gap junctions include regulation of growth, 
transmission of developmental signals, coor- 
dination of smooth muscle contraction, syn- 
chronization of myocardial contractions, 
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and maintenance of metabolic homeostasis 
(3). 

The structure of the gap junction has been 
studied extensively by physical and bio- 
chemical methods. It was first described by 
EM as a close membrane apposition (4) with 
a quasi-crystalline array of particles (5) ,  and 
subsequently a gap between the membranes 
was defined (1). Models of the gap junction 
have been constructed with data from x-ray 
diffraction, EM, and Fourier-based three- 
dimensional reconstruction techniques (6, 
7). In the current model, the gap junction is 
composed of two apposed membranes with 
a 2- to 3-nm gap between them and a closely 
packed array of cell-cell channels. The most 
regular samples show hexagonal packing 
with a lattice constant of 8 to 10 nm, but the 
degree of order ;aria depending on the 

preparation. Each channel is composed of 
two connexons, one from each membrane, 
aligned head-to-head across the gap. The 
connexon is shaped roughly as a cylinder 7.5 
nm in height and 7 nm in diameter, with a 
1.5- to 2.0-nm pore through the center. 
Each connexon exhibits sixfold symmetry 
and is thought to consist of six identical or 
homologous protein subunits. 

The AFM has been used to image a 
number of biological 'specimens (8-1 0). De- 
tails of the operation of AFMs have been 
presented (8, 11, 12). We have used an AFM 
equipped with a fluid cell to probe the 
structure and organization of isolated gap 
junctions adsorbed to glass in PBS (13), and 
we have also used the AFM to manipulate 
these membranes. 

Gap junctions from rat liver were isolated 
as membrane pairs, often referred to as 
plaques, with densely packed cell to cell 
channels (14). These plaques, imaged under 
PBS by atomic force microscopy, appear to 
be similar in general shape and distribution 
to ones seen by EM (Fig. 1, A and B). They 
are flat structures, 0.5 to 1 p,m in size, with 
irregular edges and are 14.4 nm thick (Fig. 
1C). Occasionally a step of 6 to 7 nm is seen 
at-the edge of a plaque that either represents 
a single membrane from a gap junctional 
plaque or a piece of nonjunctional ,mem- 
brane ap.ached to the gap junction. The 
surface of the gap junction has height vari- 
ations of -1 nm, but sometimes bumps 50 
to 100 nm in width and several nanometers 
in height are seen. At high magnification, 
the surface has no discernible regular fea- 
tures and is smoothly undulating. High- 
magnification images of the glass itself are 
remarkably smooth, with z variation of only 
1 to 2 nm and no detectable regular pattern 
(Fig. 1D). 

Glutaraldehyde fixation of hepatic. gap 
junctions does not result in any discernible 
changes in morphology. Interestingly, all of 
the samples that were glutaraldehyde-fixed 
were more easily scraped off the glass sub- 
strate. This result may be attributable to the 
reaction of glutaraldehyde with amino 
groups of molecules such as phospholipids 
and proteins. Reaction of *se~ molecules 
with glutaraldehyde would reduce th-e total 
positive charge of the gap junction mem- 
brane and thereby reduce the strength of the 
electrostatic interactions between the gap 
junction and the negatively charged glass. 
The adsorption of purple membranes to 
mica requires positively charged membranes 
(10). 

We examined the effect of force on the 
structure and appearance of the gap junc- 
tion. Samples were imaged in PBS in an 
increasing force series from less than 1 
nanonewton (IN) to -15 nN. After a gap 
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Fig. 1. Low-magnification images 
of isolated rat liver gap junctions 
(A) by EM of negatively stained 
samples with phosphotungstic acid 
and (B) in PBS taken with the 
AFM. The high magnification inset 
in (A) shows the connexons in the 
gap junction plaques as seen by 
EM. The gap junctions in the AFM 
appear similar in shape and distri- 
bution to ones in the EM images. 
Also shown are (C) a single gap 
junction plaque at an intermediate 
magnification and (D) a surface 
view of a high-magnification image 
of the glass;over~lip. The 
extremely smooth but does have a 
ripple that is 1 to 2 nm in the scan 
&&tion. The gap junction plaque 
has the typical shape, is -15 nm 
thick, and shows the bumps that are 
sometimes present on the gap junc- 
tion surfice. The scan direction in all images in this report is along the x-axis. Gap junctions containing 200 
to 300 ng of Cx32 protein were diluted into 50 to 75 p1 of PBS on a glass cover slip (24), adsorbed for 10 
to 20 min, and subquently washed twice in 20 ml of PBS for 5 min. Samples were stored for up to 8 hours 
in PBS before being imaged. Temperature near the AFM was 21" to 25°C. A NanoScope I1 equipped with 
an 18 by 18 pm AFM stage and a fluid cell was used for imaging (25). Cantilevers were V-shaped, with a 
spring constant of 0.38 N/m and pyramidal tips (25,26). In addition to the gold coating on the top surfice, 
the bottom surface, includmg the tip, was coated with a thin layer of chromium by the manhcturec. In order 
to conml and minim& the amount of force the sample was subjected to, we routinely engaged the tip onto 
a 49 by 49 nm scan area in the center of the field. The force was then adjusted to -1 nN, and the scan area 
was gradually enlarged until it induded a sample to be Imaged. The force during imaging was always 
monitored closely and assessed within 15 to 30 s of acquiring an image. 

Fig. 2. Force dissection with the AFM of gap 
junction membranes in PBS adsorbed to glass. 
The top row of images shows a surface view of a 
gap junction plaque subjected to a sequential 
serig of scans at increasing forcps of (A) 0.8 nN, (B) 
3.6 nN, (C) 6.1 nN, and (D) 9.6 nN. The field size 
is 1.5 )~m by 1.5 pm and the plaque image is -15 
nm thick. A piece of smgle membrane is attached to 
one edge of the plaque. At low force the shape of the 
plaque is stable for several scans, but as the force is 
increased the top membrane begins to smear from 
right to left and is eventually removed completdy, 
leaving the exmacellular side of the 7-nm-thick bot- 
tom membrane exposed. The second series of images 
shows a top view of another gap junction plaque as 
it is subiected to seauential scans at incceasine I 

iunction was located at a low force. the 
plaque appeared to be stable for several 
sweeps of the tip. Remarkably, upon an 
incree&e in the force. the top Gemb;ane of 
the gap junction became distorted and, after 
several sweeps of the tip, would be com- 
pletely removed, exposing a new surface that 
we believe is the extracellular surface of the 
bottom membrane of the gap junction (Fig. 
2). During this "force dissection," the thick- 
ness of the native plaques changed from 
14.4 nm for the double bilayer to 6.4 nm for 
the single bilayer (compare Fig. 2A with 2D 
or 2E with 2H). The remaining half of the " 
junction plaque could only be removed at 
extremely high forces, suggesting that the 
interactions between the glass and the gap 
junction are significantly stronger than those 
between the two membranes of the gap 
junction. Force dissection was also carried 
out on both trypsinized and glutaraldehyde- 
fixed samples, with similar results. 

Splitting of gap junctions has been ac- 
complished in a variety of ways (15, 16). 
Researchers have used such junctions to 
demonstrate the extracellular localization of 
specific segments of the connexins by label- 

forcesof{~)0.8nN,(k)3.1nN,(G)lO.lnN,an~ 
a reneat scan at IH) 10.1 nN. The field size is 1.5 
pmLby 1.5 pm &I the line cut marked on each 
image is shown on the right. These line cuts show clearly how the top membrane is removed at higher forces, reducing the thickness of the structure to one-half 
that of the original. The thickness of the structure is about 15 nm in the first image (E) and about 7 nm in the last (H). 

Fig. 3. Imaging of extracellular surface and connexons of a gap 
junction plaque that has been both trypsinized and glutaraldehyde- 
fixed (27). (A) High-magnification (120 nm wide) images show the 
hexagonal array of connexons. The connexons appear to be -4 to 6 
nm in diameter and sometimes have a depression in the center, 
indicated by arrows, which may represent part of the pore of the 
channel. (B) In some samples a rowlike appearance was apparent. 
(C) The surface view shows the connexons protruding approxi- 
mately 0.4 to 0.5 nm. Images (A) through (E) were all plane-fitted 
but not processed further. (D) Fourier transforms reveal a distinct 
hexagonal array with a 9.1-nm center-to-center spacing (19). The 
hexagonal pattem is only shown to one order in this sample, 
although second-order spots are often seen. (E) A top view of the 
filtered inverse Fourier transform (91 by 91 nm) clearly shows the 
hexagonal packing. (F) The surface view of a filtered inverse Fourier 
transform (175 by 195 nm) also shows the hexagonal pattem but 
reveals some irregularity in the packing. 
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ing with antibodies against specific peptides 
(16, 17). However, the conditions for split- 
ting are somewhat harsh, and it is often 
difficult to know morphologically which 
side is which in the resulting single mem- 
branes. Force dissection has the advantage 
of giving access to the extracellular domains 
in a controlled fashion and making them 
available for immediate experimental manip- 
ulation. 

The observation that fixed gap junctions 
can be force-dissected at forces similar to 
those required for unfixed material suggests 
that glutaraldehyde does not cause the for- 
mation of cross-links across the gap. The 
phospholipid head groups in the plane of 
the membrane are separated by a 2- to 3-nm 
gap and are therefore unlikely to be cross- 
linked. However, the extracellular domains 
in connexin-32, the major hepatic gap junc- 
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Fig. 4. Force versus thickness distributions for 
(A) native, (B) trypsinized, and (C) glutaralde- 
hyde-fixed gap junctions (27). Single gap junction 
plaques were imaged with increasing and decreas- 
ing series of force. At each force an image of a 
plaque was acquired, and the thickness was mea- 
sured from line cuts of each plaque taken at O", 
9W, and 45" from the scan direction. Three 
measurements from each cut were taken. There 
was no significant difference in the thickness 
measured at the different angles, so all measure- 
ments from a single plaque at a given force were 
averaged (z). Each symbol in a given graph 
represents a different plaque. 

tion protein, span the gap to interact with 
the identical domains in the opposing con- 
nexon. These extracellular domains have sev- 
eral residues that could be cross-linked with 
glutaraldehyde. Because there is apparently 
little or no cross-linking across the gap, 
these residues are likelv neither near each 
other in the connexon-connexon interac- 
tions nor accessible to the glutaraldehyde. 

We have looked for the cell-cell channels 
on the surface of gap junctions under a 
variety of conditions. In intact gap junctions 
there is no substructure and' the surface 
appears smooth, as shown by EM images of 
deeply etched samples (18). However, a 
distinct hexagonal pattern is revealed on the 
surface exposed by force dissection of gap 
.junction plaques that have been uypsinized 
and glutaraldehyde-fbted (Fig. 3A). This 
hexagonal array is remarkably similar to the 
pattern of cell-cell channels seen in negative- 
ly stained isolated gap junctions in EM (7). 
We believe that it represents an image of 
conhexons protruding into the extracellular 
space. The connexons appear 4 to 6 nm in 
diameter, which is less than the diameter 
suggested by current models (6, 7), and 
protrude 0.4 to 0.5 nm from the surface of 
the plaque (Fig. 3C). Some connexons have 
a small depression in the center that could 
represent part of the channel pore. 

Sometimes the surface of gap junction 
heinichannels appeared to be in rows (Fig. 
3B). This is also evident in the Fourier 
transform, where the intensity of the six 
symmetrical spots sometimes varied, sug- 
gesting a more defined order in one direc- 
tion. These rows were not an artifact of the 
scanning, because the rows moved relative 
to the scan direction when it was altered up 
t o  35". 

A two-dimensional Fourier transform of 
the AFM image produces a distinct sixfold 
symmetry in the frequency domain (Fig. 
3D). The center-to-center spacing for the 
hexagonal array determined f romthe  Fou- 
rier transform is 9. l nm (19). This spacing is 
extraordinarily close to values obtained by 
x-rav diffraction and EM (6, 7). The sixfold 

\ .  , 

pattern is clearly visible to one order, and 
second-order spots are often seen, suggest- 
ing that there is short-range disorder in the 
hexagonal array, which is also shown in the 
filtered image (Fig. 3E). Previous data sug- 
gest that the degree of order in the hexago- 
nal arrays of cell-cell channels varies depend- 
ing on the preparation, and there have been 
sugges,tions that the variation in packing has 
physiological significance (20). 

We performed measurements on gap 
junction plaques in a series of ascending and 
descending forces, although the force dissec- 
tion somewhat complicated the measure- 

the effect of force. In cases where force 
dissection occurred, the descending series 
would often include only the 7-nm profiles. 
These measurements were carried out for 
isolated native hepatic gap junctions, 
trypsinized gap junctions, and glutaralde- 
hyde-fixed gap junctions (Fig. 4). We found 
no statistically significant effect of force on 
the thickness of any of the gap junction 
samples, and there is no significant effect of 
the treatments. The thickness distribution 
versus force shows the full and half thick- 
nesses of the plaques, and, because there is 
no observable effect of force, all of the 
measurements were combined. The means 
of thicknesses (? SD) are 14.4 ? 0.9 nm 
and 6.4 ? 0.8 nm for native plaques, 15.5 4 

1.3 nm and 7.1 ? 0.7 nm for trypsinized 
plaques, and 14.8 ? 1.0 nm and 7.1 4 0.3 
nm for glutaraldehyde-fixed plaques. The 
thicknesses of native gap junctions we have 
measured are in general agreement with the 
thickness of 15 to 18 nm determined by 
x-ray diffraction and EM (21). The apparent 
thickness of purple membranes depends on 
the substrate used (10). Until the basis for 
this substrate dependence is understood, the 
significance of the absolute measurements 
reported here will not be known. 

Trypsinization is known to remove 60 to 
70 amino acids from the cytoplasmic surface 
of Cx32 and cleave the protein into two 
10-kD fragments that contain the four trans- 
membrane domains and the two extracellu- 
lar loops (22). The AFM images of 
trypsinized and untrypsinized gap junctions 
appear identical, and there is no apparent 
change in shape or thickness. One might 
have expected intuitively that the thickness 
would have been affected by the removal of 
protein from the surface, but this is not the 
case. In contrast, native cardiac gap junc- 
tions that have a larger cytoplasmic protein 
domain are significantly thicker than hepatic 
gap junctions but are reduced to a thickness 
of 14 to 15 nm upon trypsinization (23). 
This result would suggest that there is not 
enough protein mass removed from the 
hepatic gap junction by trypsinization to 
affect the thickness or that the protein re- 
moved was closely associated with the mem- 
brane and thus did not contribute signifi- 
cantly to the overall thickness of thz gap 
junction. 
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A Combinatorial Approach Toward 
DNA Recognition 

A combinatorial approach has been used to identify individual RNA molecules &om a 
large population of sequences that b i d  a 16-base pair homopurine-homopyrimidine 
DNA sequence through triple-helix formation. Fourteen of the seventeen clones 
selected contained stretches of pyrimidines highly homologous to the target DNA 
sequence (TmAT and C+.GC). In addition, these RNA molecules contained hairpin 
loops, interior loops, and nonstandard base triplets [C+(or C).AT, UeGC, GaGC, and 
AmAT] at various positions. m t y  cleavage experiments confirmed the ability of 
selected sequences to bind specifically to the target DNA. Systematic variation in both 
the target DNA sequence and buffer components should provide increased insight into 
the molecular interactions required for triple-helix-mediated recognition of natural 
DNA. 

T HE POWER OF COMBINATORIAL 

strategies for generating molecules 
with novel properties has been ex- 

ploited in the generation of catalyuc anti- 
bodies (1) and more recently in the study of 
protein-ligand interactions (2-5). We report 
application of this approach to the molecu- 
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lar recognition of double-helical DNA 
through the synthesis and screening of large 
RNA libraries for selective triple-helix for- 
mation. The sugar-phosphate backbone of 
nucleic acids provides a natural framework 
for building specific hydrogen-bonding in- 
teractions with functional groups in the 
major groove of DNA (6). This structural 
motif, however, is currently limited to  the 
recognition of predominantly homopurine- 
homopyrimidine ti-acts of DNA. Polypyri- 
midine oligonucleotides bind specifically in 

the major groove, parallel to the purine 
strand, through Hoogsteen T.AT and 
Cf .GC base triplets (7, 8). Polypurine oli- 
gonucleotides bind in the major groove, 
parallel to the pyrimidine strand, through 
G.GC and A.AT triplets (9). Recently, it has 
been shown that a G.TA triplet can also be 
formed in a polypyrimidine oligonucleotide, 
although the interaction is considerably 
weaker than the T.AT triplet (1 0). Given the 
conformational flexibility associated with 
nucleic acids, as well as the effects of pH, 
salt, and s m d  molecules on nucleic acid 
structure, it was of interest to determine 
whether additional hydrogen-bonding 
schemes might be associated with triple- 
helix formation. The extension of triple- 
helix formation to the recognition of mixed 
DNA sequences would likely find applica- 
tions in the analysis of nucleic acid structure 
and function (11) as well as in the develop- 
ment of therapeutic agents based on selec- 
tive gene inactivation (12). 

~ecause  a general solution to triple-helix- 
mediated recognition of natural DNA se- 
quences might involve relatively complex 
rules (including context effects, looped 
stmctures, and conformational isomers), we 
chose a strategy that samples large numbers 
of diverse sequences for binding to a defined 
DNA duplex. Analysis of those sequences 
that form the most stable triple-stranded 
stnictures, coupled with systematic varia- 
tions in the target sequence, should provide 
increased insight into the molecular interac- 
tions responsible for triple-helix formation. 
In order to test the feasibility of this ap- 
proach, an RNA library has been generated 
and screened against a homopurine-ho- 
mopyrimidine target DNA, for which the 
recognition "rules" are known (TaAT and 
C+.GC) (7, 8). 

The library of randomized RNA mole- 
cules was generated from a 106-nucleotide 
(nt) DNA template containing: (i) a T 7  
promoter sequence; (ii) a 16-nt priming site 
for the polymerase chain reaction (PCR); 
(iii) a 50-nt random sequence (synthesized ~, ~, 

from an equimolar mixture of the four bas- 
es); and (iv) another 23-nt priming site for 
reverse transcription and PCKamplification 
of the in vitro transcripts (Fig. 1A) , ( q 3 ) .  In 
vitro transcription of the template with a 
33-nt primer (Fig. 1A) and T 7  RNA poly- 
merase (13) affords an 89-nt RNA tran- 
script. Based on the amount of the DNA 
template used in the initial transcription 
reaction, the complexity of the R N ~ - ~ o o l  
generated from this template is on the order 
of 1010 to 1012 individual primary se- 
quences, a small fraction of all possible 
sequences (3). In addition to sequence di- 
versity, randomized 50-nt oligoribonucle- 
otides should be able to form a large number 
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