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phant mortalities and that an accurate ac-
counting of this disease has been limited by
the unavailability of case material before the
1980s.

The only known survivor of infection by
this herpesvirus, Asian elephant case 3, was
diagnosed very early in the course of the
disease in November 1997 by clinical find-
ings and positive PCR results on peripheral
blood. The elephant’s clinical recovery in this
case was attributed to the use of an anti-
herpesvirus drug, famciclovir (/4). The fa-
vorable drug response shows promise for
treatment of future cases of this disease. We
are continuing an intensive investigation of
these viruses, as we believe the disease they
cause represents a threat to elephant conser-
vation. Our findings also have implications
for management practices in facilities keep-
ing both African and Asian elephants and in
protecting natural elephant habitats from vir-
ulent forms of the virus. There is also an
urgent need to develop serological tests that
can discriminate between the two viruses and
permit identification of possible asymptom-
atic carrier animals.
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Three-Dimensional Structure of
a Recombinant Gap Junction
Membrane Channel

Vinzenz M. Unger,’* Nalin M. Kumar," Norton B. Gilula,’
Mark Yeager'?}

Gap junction membrane channels mediate electrical and metabolic coupling
between adjacent cells. The structure of a recombinant cardiac gap junction
channel was determined by electron crystallography at resolutions of 7.5
angstroms in the membrane plane and 21 angstroms in the vertical direction.
The dodecameric channel was formed by the end-to-end docking of two hex-
amers, each of which displayed 24 rods of density in the membrane interior,
which is consistent with an a-helical conformation for the four transmembrane
domains of each connexin subunit. The transmembrane «-helical rods con-
trasted with the double-layered appearance of the extracellular domains. Al-
though not indicative for a particular type of secondary structure, the protein
density that formed the extracellular vestibule provided a tight seal to exclude
the exchange of substances with the extracellular milieu.

Gap junction membrane channels are macro-
molecular complexes that allow the direct
exchange of small molecules and ions be-
tween neighboring cells (/); thus, these chan-
nels have an important role in maintaining
homeostasis within tissues. Electrophysiolog-
ical measurements, as well as dye-transfer
studies in vivo, have revealed that signal
transmission through gap junctions can be
modulated by a variety of molecules and
physiologic conditions [reviewed in (2-5)].
A diverse multigene family of polytopic gap
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junction membrane proteins are known as con-
nexins (9, 6). Several human diseases have
been related to connexin mutations, such as the
X chromosome-linked form of Charcot-Marie-
Tooth disease (7, &); the most common form of
nonsyndromic neurosensory autosomal reces-
sive deafness (9, 10); and, possibly, develop-
mental anomalies of the cardiovascular system
in some patients (/7). In addition, transgenic
mice lacking o, connexin43, the principal gap
junction protein in the heart, die soon after birth
and exhibit developmental malformations (12,
13). Heterozygotes are viable but display
slowed ventricular conduction (/4).

Previous analyses of gap junction structure
have been limited to relatively low resolution,
which is partially due to the heterogeneity of
the specimens (/5). A model based on electron
microscopy and x-ray—scattering experiments
suggests that the intercellular channel is formed
by the end-to-end interaction of two oligomers
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termed connexons (/6, /7). Within these oli-
gomers, each connexin subunit is thought to
traverse the membrane bilayer four times, plac-
ing the NH,- and COOH-termini on the cyto-
plasmic membrane surface [(/8—20) and re-
viewed in (15)].

A major challenge in the structure analysis
of low-abundance polytopic integral membrane
proteins has been the development of systems
that enable the overexpression of sufficient
functional material. We have generated stably
transfected baby hamster kidney (BHK) cell
lines that can be induced to express wild-type
and mutant connexins (27, 22). A mutant of o,
connexin that lacks most of the COOH-terminal
domain (o;-Cx263T) assembles into bona fide
gap junctions. Although the level of expression
is quite low in comparison with the expression
of soluble proteins in bacterial systems, the
structure analysis has nevertheless been feasible
with just microgram amounts of recombinant
material. A projection density map, which was
derived by electron crystallography of frozen
and hydrated two-dimensional (2D) crystals of
the recombinant gap junctions, reveals a ring of
transmembrane « helices that lines the aqueous
pore and a second ring of o helices that is in
close contact with the membrane lipids (22). To
further explore the transmembrane architecture
of the channel, we extended the analysis into
the third dimension by recording and analyzing
low-dose images of frozen and hydrated, tilted
2D crystals that had been treated with oleamide
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(23-25). The resulting three-dimensional (3D)
density map was determined at resolutions of
~7.5 A in the membrane plane and 21 A in the
vertical direction (Fig. 1 and Table 1).

A side view of the 3D map (Fig. 2) showed
that the recombinant gap junction channel
formed by the o;-Cx263T mutant had a thick-
ness of ~150 A when the map was contoured at
1.50. This reduced thickness, in comparison
with ~250 A for native cardiac gap junction
channels (75), was consistent with the lack of
the 13-kD cytoplasmic COOH-tail in o -
Cx263T. The outer boundary of the map re-
vealed a tripartite arrangement that consisted of
two membrane domains that were separated by
an extracellular domain. The outer diameter
within the membrane region was ~70 A, and
there was a pronounced waist in the extracellu-
lar portion of the channel where the outer di-
ameter decreased abruptly by ~20 A. Howev-
er, the external contours of the channel did not
correlate with the shape of the aqueous path-
way. A vertically sectioned view of the map
(Fig. 2b) revealed that the channel narrowed
from ~40 to ~15 A (neglecting the contribu-
tions of amino acid side chains) in proceeding
from the cytoplasmic to the extracellular side of
the bilayer. The aqueous pathway then widened
again to a diameter of ~25 A within the extra-
cellular vestibule.

Elements of secondary structure were re-
vealed more clearly by the examination of
cross sections that are parallel with the planes

of the membranes (Fig. 2c). In particular,
sections within the hydrophobic region of
the bilayers (Fig. 2c, top and bottom) dis-
played roughly circular contours of density
that were typical, at the current limit of res-
olution, for cross sections of « helices. Be-
cause there were 24 circular densities per
hexameric connexon, we conclude that the
dodecameric channel contains 48 transmem-

Table 1. Data analysis summary.

Parameter Value
Number of images 69
Unit cell parameters a=b=768A
v =120°

Two-sided plane group p6
Range of crystal tilts 0°to 35.3°
Range of underfocus —2000 to —15,000 A
Total number of 8256

measurements*
Total number of fitted 1022

unique reflectionst
Overall weighted 18.9°

phase error}
Effective resolution 7.5 A (in plane)

cutoffs§

21.0 A (vertical)

*For all observations, 62% had a signal-to-noise ratio of at
least 2.3 (IQ3 or better). TOut of 1258 unique reflec-
tions expected at an in-plane resolution of up to 7.5 A and
a maximum tilt of 35°. At 30° tilt, a total of 1088 reflections
are expected, and the data effectively sample >90% of
reciprocal space for this lower tilt value. iFor the fit of
lattice lines, including all data to 1Q8 to a nominal in-plane
resolution of 7.5 A. §Measured from the point-spread
function of the fitted data set (44).

Lattice Line (2,7) at - 8.1A
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Fig. 1. Amplitude and phase variations along higher resolution lattice
lines after merging data from tilted crystals in the two-sided plane group
p6. The points include all data with a signal-to-noise ratio of >1 (1Q8 and
better). The continuous curves were computed by the program LATLINE
(47). The horizontal z* axis is the distance from the origin of the lattice
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line. Symbols in the phase plots refer to the quality of the data, as given
by 1Q values (37) (X, 1Q values of 1 and 2; x, IQ values of 3 and 4; large
+, 1Q values of 5 and 6; small +, 1Q values of 7 and 8). Data with 1Q1
and 1Q7 correspond to signal-to-noise ratios of 8 and 1, respectively.
Error bars, SD of phases and amplitudes for the fitted structure factor.
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brane o helices. Thus, the widely accepted
topological model in which each connexin
subunit has four transmembrane « helices
was confirmed.

A view along the channel axis (Fig. 3a)
provided a more detailed description for the
packing arrangement of the transmembrane o
helices. Four of the o helices were arbitrarily
labeled A, B, C, and D for reference. As was
suggested by our previous projection density
map (22), the « helix in position A and its
symmetry-related equivalents were oriented al-
most perpendicular to the membrane plane. The
B « helix was almost parallel to the A « helix
through the hydrophobic core of the membrane.
However, this was not resolved in projection
because of the additional contribution of the
highly structured extracellular domains. The
packing of the o helices can be seen particularly
well in Fig. 3b, which displays an enlarged
view of « helices C, D, A’, and B'. The sets of
a-helical pairs C/D, D/A’, A'/B’, and B'/C all
packed with a left-handed twist. However, the
channel-lining the B/C pair packed with a right-
handed twist. The predominantly left-handed
packing of the o helices within the connexon
contrasts with the right-handed «-helical barrel
observed for the aquaporin-1 monomer (26—
28). The right-handed packing of the B/C pair
of a helices was similar to the right-handed
packing of the « helices that line the putative

Fig. 2. Molecular or-
ganization of a re-
combinant gap junc-
tion channel. (a) A full
side view is shown,
and (b) the density
has been cropped to
show the channel in-
terior. The approxi-
mate boundaries for
the membrane bilay-
ers (M), extracellular
gap (E), and the cyto-
plasmic space (C) are
indicated. The white
arrows identify the
locations of (c) the
cross sections that
are parallel to the
membrane  bilayers.
The red contours in
(c) are at 1o above
the mean density and
include data to a res-
olution of 15 A. These
contours define the
boundary of the con-
nexon and can be
compared to previous
low-resolution struc-
tural studies of liver

(76, 17) and heart (20) gap junctions. The yellow contours at 1.5¢ above
the mean density include data to a resolution of 7.5 A. The roughly
circular shape of these contours within the hydrophobic region of the
bilayers is consistent with 24 transmembrane o helices per connexon.
The maps in (a) and (b) were contoured at 3¢ above the mean, which
tends to eliminate density that is less well defined, such as the cyto-
plasmic domains visualized in Fig. 3a, which are contoured at 1.50 above
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ion pathway in the H* (29) and Ca®* adeno-
sine triphosphatases (30), which also showed
mixed left- and right-handed o-helical packing
within the bundle.

The tilt of the channel-lining C o helix
accounted for the narrowing of the pore from
~40 to ~15 A at the boundary with the
extracellular gap. These approximate dimen-
sions did not account for amino acid side
chains, which are not visualized at a resolu-
tion of 7.5 A. If the amino acid side chains
were considered, then the narrowest constric-
tion of the pore would be ~5 A in diameter.
However, at present, it would be premature to
correlate the observed dimensions of the pore
with a specific conformational state.

The substantial tilt of the C o helix was
unexpected because it appeared to be oriented
almost perpendicular to the membrane plane in
projection (22). The 3D map revealed that the
part of this a helix that was observed in pro-
jection was located toward the boundary with
the extracellular gap where a bend in the den-
sity shifted the o helix to an orientation that was
nearly perpendicular to the membrane plane
before merging with the continuous wall of
density that constituted part of the extracellular
domain (Figs. 2b and 3b). The angled portion of
the C a helix within the membrane interior
extended over the central band of density at a
radius of 25 A and therefore was not resolved in

the projection map. The substantial tilt of the C
a helix exposed parts of the B « helix to the
pore so that two a helices contributed to the
lining of the pore.

One would expect a priori that the interior of
the channel necessarily has to be separated from
the lipid regions by protein. With this assump-
tion, the length of the A o helix was shortest
and was thus likely to demarcate the approxi-
mate vertical boundaries of the lipid bilayer.
Hence, the continuation of the B and C «
helices beyond the visible end of the A « helix
(that is, toward the observer in Fig. 3a) repre-
sented polypeptides in the cytoplasmic region
(for example, the NH,-tail, residual COOH-tail
in the mutant, or residues in the M2-M3 loop
connecting the second and third transmembrane
« helices). These extensions had a rodlike mor-
phology that was similar to their transmem-
brane counterparts, suggesting that cytoplasmic
portions of the molecule were not only well
ordered but also adopted an a-helical structure.
However, this well-ordered density could not
be unambiguously ascribed to particular regions
of the protein sequence. Nevertheless, the map
did reveal distinctive spatial relations for the o
helices. For instance, the extension of the B «
helix sloped away from the A « helix (that is,
clockwise in Fig. 3a), which may have indicat-
ed that there is no direct connectivity between
these « helices on the cytoplasmic side of the

the mean. The red asterisk in (b) marks the narrowest part of the channel
where the aqueous pore is ~15 A in diameter, not accounting for the
contribution of amino acid side chains that are not resolved at the
current limit of resolution. The noncrystallographic twofold symmetry
that relates the two connexons of a gap junction channel has not been
applied to the map. Hence, the similarity of the two connexons provides
an independent measure of the quality of this reconstruction.
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membrane. The C « helix had a trajectory that
extended counterclockwise toward the B « he-
lix, allowing the C « helix to pass between the
B and D « helices. This arrangement of the B,
C, and D « helices enabled close interactions of
at least two of the three cytoplasmic domains
(NH,-tail, COOH-tail, and M2-M3 loop). Giv-
en the clustering of charged residues in these
domains, the interactions may be stabilized by
salt bridges.

Docking between connexons involves inter-
actions between the extracellular loops, which
display the most similarity in sequence between
connexins but still influence the selectivity of
docking between different connexons across
the extracellular gap (31, 32). The extracellular
region of the 3D structure appeared double
layered with a continuous band of density at a
radius of ~17 A and six arcs of density at a
radius of ~26 A (Fig. 2c, middle). The extra-
cellular density was in distinct contrast to the
characteristic “signature” for a helices in cross
section (Fig. 2c, top and bottom). This differ-
ence implied that at least a portion of the
polypeptide within the extracellular gap did not
adopt an a-helical conformation. In fact, site-
directed mutagenesis has been used by others to
shift four of the six conserved cysteines in the
extracellular loops of 3, connexin32 individu-
ally, in all possible pairwise combinations, and
even in some quadruple combinations (33).
Foote et al. used the pattern of periodicity for
the cysteine positions that produced functional
channels to suggest a model in which the ex-
tracellular loops fold as antiparallel 3 sheets
(33). Although the precise secondary structure
within the gap was not revealed in our 3D map,
it was nevertheless clear that the interior band
of density provided a continuous wall of protein
(Fig. 2b), which functions as a tight electrical

Fig. 3. (a) A top view looking toward the extra-
cellular gap and (b) a side view of part of the 3D
map of a recombinant gap junction channel. For
clarity, only the cytoplasmic and most of the
membrane-spanning regions of one connexon are
shown. The 24 well-resolved rod-shaped features
reveal the packing of the transmembrane « heli-
ces, and four have been arbitrarily labeled A, B, C,
and D as points of reference for discussion. Sim-
ilarly, A" and B’ identify putative a helices that
are identical to A and B because of the sixfold
symmetry of the channel. Within the hydropho-
bic core of the membrane (see Fig. 2c, top and
bottom), it would appear that the favored molec-
ular boundary is the four-helix bundle, as shown
in (b) (see also Fig. 4a). However, toward the
cytoplasmic surface, the a helices spread apart
such that the interactions appear to favor the
“check-mark” model ABCD in (a) (see also Fig.
4b). The view in (a) was contoured at 1.5¢ above
the mean density, and the view in (b) was con-
toured at 30 above the mean density to avoid

REPORTS

and chemical seal to exclude the exchange of
substances with the extracellular milieu.
Because the connecting loops between the
transmembrane o helices were not revealed in
our map at an in-plane resolution of 7.5 A, there

there were only a small number of reasonable
subunit boundaries. Each of the three possible
models shown in Fig. 4 predicted different mo-
lecular contacts at the subunit interfaces. It
seemed likely that each of these arrangements

could involve different mechanisms for the oli-
gomerization of subunits during the assembly

was ambiguity in assigning the molecular
boundary of the connexin subunit. However,

Fig. 4. Superposition of cross sections (red and blue) within the hydrophobic region of the two
hexameric connexons forming the gap junction channel. The shaded regions identify three possible
boundaries for the connexin subunit. With reference to the labels in Fig. 3a, the models show (a) a
bundle of four « helices (A’'DCB’), (b) a check-mark arrangement (ABCD), and (c) a zigzag pattern
(BCDA'). White arrows identify axes of symmetry that are in plane, noncrystallographic, and twofold.
In (a) and (b), the blue subunit of one connexon overlaps two red subunits in the apposing connexon.
The « helices within each subunit are aligned along only two of the local twofold axes of symmetry, and
consequently, the centers of gravity for subunits in the apposed connexons are not in register. Such an
arrangement can only be realized if the apposed connexons dock with a 30° rotational stagger across
the extracellular gap. These models are consistent with our interpretation of the projection density map
(22) and with a recent analysis at a resolution of ~18 A of negatively stained gap junction plaques that
had been split in the extracellular gap by urea treatment (42). Six protrusions of density on the
extracellular surface of the connexon could only be docked to form a tight seal if these protrusions
interdigitated with a 30° stagger (43). However, the model in (c) demonstrates that not all possible
subunit boundaries involve rotational stagger between the apposed connexons. In (c), each blue subunit
of one connexon overlaps three red subunits in the apposed connexon, and the four a helices of a
putative subunit would be associated with three of the local twofold axes of symmetry. The centers of
gravity of the subunits in the two connexons would be superimposed, and hence the connexons would
dock in register. Noncrystallographic twofold symmetry between the two connexons was not imposed.
The almost perfectly preserved twofold symmetry in the superimposed red and blue density contours
provides an independent check of the quality of the reconstruction.

obstructing the A" « helix by the continuation of density that extends the C a helix into the cytoplasmic space. The red asterisk in (a) marks the density that
is closest to the observer and indicates that the C « helix extends well beyond the putative boundary of the bilayer on the cytoplasmic face. The equivalent
position is indicated by the red asterisk in (b). White lines in (b) follow the center of gravity for the four a helices and also indicate the direction of helix tilt.
The wider ends of the lines for the C and D « helices are closer to the observer (that is, from top to bottom, the C « helix slopes away from the observer,

whereas the D « helix slopes toward the observer).
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of the intercellular channel. Definition of the
specific molecular boundary will require at
least an unambiguous assignment of the trans-
membrane « helices to the four hydrophobic
domains in the amino acid sequence. Neverthe-
less, these three models emphasized that con-
nexon docking involves multivalent interac-
tions of subunits between connexons, which
would confer stability in the formation of the
intercellular channel and may in part be re-
quired for achieving selectivity in the docking
process.
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Regulation of Neurotrophin-3
Expression by Epithelial-
Mesenchymal Interactions:
The Role of Wnt Factors

Ardem Patapoutian,’ Carey Backus,? Andreas Kispert,>
Louis F. Reichardt'-?

Neurotrophins regulate survival, axonal growth, and target innervation of sen-
sory and other neurons. Neurotrophin-3 (NT-3) is expressed specifically in cells
adjacent to extending axons of dorsal root ganglia neurons, and its absence
results in loss of most of these neurons before their axons reach their targets.
However, axons are not required for NT-3 expression in limbs; instead, local
signals from ectoderm induce NT-3 expression in adjacent mesenchyme. Wnt
factors expressed in limb ectoderm induce NT-3 in the underlying mesenchyme.
Thus, epithelial-mesenchymal interactions mediated by Wnt factors control
NT-3 expression and may regulate axonal growth and guidance.

Neurotrophins are a family of proteins ex-
pressed in target tissues that regulate neuro-
nal survival, differentiation, and function (/).
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These trophic factors mainly signal through
the Trk family of receptor tyrosine kinases
that are found on neuronal cell bodies and
projections. Gene-targeting experiments have
shown that neurotrophins and Trk receptors
are required for survival of specific neuronal
populations within the peripheral nervous
system (/). NT-3 is essential for the survival
of most sensory neurons early in develop-
ment before they reach their final target, at
which point they may gain access to target-
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