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Evidence for a common structure for a class of membrane channels
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Electron microscopic analysis of gap-junction-like structures isolated from an arthropod
(Nephrops norvegicus) and composed of a 16-kDa polypeptide, show the functional unit to be a
star-shaped hexamer of protein arranged around a central channel which runs perpendicular to the
plane of the membrane. Estimations of the molecular volume carried out on an averaged projection
are consistent with a subunit mass of 16— 18 kDa. Fourier transform infrared spectroscopy indicates
a high a-helical content for the protein, supporting secondary-structure predictions of four trans-
membrane a helicessrmonomer. The averaged projection shows a close resemblance to a hexamer of
the 16-kDa protein built on the basis of a four a-helical bundle [Finbow, M. E., Eliopoulos, E. E.,
Jackson, P. J., Keen, J. N., Meagher, L., Thompson, P, Jones, P. C. & Findlay, J. B. C. (1992)
Protein Eng. 5, 7—15]. The reconstructed image is also similar to that obtained for gap-junction-
like channels isolated from a related arthropod [Homarus americanus; Sikerwar, S. S., Downing,
K. H. & Glaeser, R. M. (1991) J. Struct. Biol. 106, 255—263] whose protein content was unknown
but which we demonstrate may be composed of a related 16-kDa protein.

Previous studies have shown a high sequence identity of the Nephrops 16-kDa protein with the
16-kDa proteolipid subunit ¢ of the vacuolar H"-ATPase, both of which in turn bear similarity to
the 8-kDa proteolipid subunit of the F,F,-ATP synthase. Expression of cDNA coding for the
Nephrops 16-kDa protein in Saccharomyces cerevisiae, in which the endogenous gene coding for

the V-ATPase proteolipid has been inactivated, restores V-ATPase activity and cell growth.

A family of related proteolipids are known which appear
to have diverse transport functions in prokaryotic and eukar-
yotic cells. The simplest member is the 8-kDa proteolipid
(subunit ¢ or subunit IIT) of ATP synthase. This proteolipid
consists of two hydrophobic segments and is a major core
component of the F, membrane sector, which forms an ion
channel for proton translocation (for review see Futai et al.,
1989).

A second member is the 16-kDa proteolipid of the vacuo-
lar H*-ATPase (V-ATPase). This ATPase is a proton pump
in the endomembranes of eukaryotic cells responsible for the
acidification of various intracellular compartments (Nelson
and Taiz, 1989). The 16-kDa proteolipid consists of four
hydrophobic segments and appears to be a tandem repeat
of the 8-kDa proteolipid (Mandel et al., 1988). Like its F,
counterpart, the 16-kDa proteolipid is a major component of
the membrane sector (V,) of the V-ATPase (Moriyama and
Nelson, 1989; Parry et al., 1989).

Another 16-kDa proteolipid, which has a high degree of
identity with the 16-kDa proteolipid of the V-ATPase, is a
component of the mediatophore complex present in synapto-
somal preparations isolated from the Torpedo electric organ
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Abbreviations. FTIR, Fourier-transform infrared; YEP, yeast ex-
tract peptone.

(Birman et al., 1990). The mediatophore transports acetyl-
choline in response to eclevated Ca®* levels and therefore
could be considered as a ligand-gated channel (Israel et al,,
1986). In addition to this, another closely related 16-kDa
polypeptide is the major component of a gap-junction-like
structure isolated from various animal tissues (Finbow et al.,
1984; Leitch and Finbow 1990; Finbow et al., 1992). These
structures are protein/lipid arrays comprised of a pair of
membranes containing a hexagonal lattice of particles. This
suggests another transport function for this class of proteins,
namely in the formation of channels for communication be-
tween contiguous membrane-bound compartments (Finbow
et al., 1991).

A truncated form of the 16-kDa proteolipid has also been
found in Saccharomyces cerevisiae (Shih et al., 1988). Ex-
pression of this protein gives resistance to toxic levels of the
drug trifluoperazine. Finally, a gene in S. cerevisiae has been
identified (Apperson et al., 1990) which codes for a 20-kDa
protein homologous to the 16-kDa proteins, particularly over
putative transmembrane regions. The function of this protein
is unknown but inactivation of the gene is lethal (Apperson
et al., 1990).

This family of related proteins are therefore of consider-
able interest in the study of membrane transport and, in par-
ticular, of bioenergetics, signal transduction and drug resis-
tance. One of these proteins has been found to bind a viral
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oncoprotein and this binding appears to be important for
transforming activity (Goldstein et al., 1991).

The gap-junction-like structures composed of the 16-kDa
protein provide a source of structural information which is
relevant to all these proteins. They can easily be isolated
from the hepatopancreas of Nephrops norvegicus in quanti-
ties suitable for biochemical and biophysical studies and their
paracrystalline nature as ordered protein/lipid arrays, allows
the use of imaging techniques (Finbow et al., 1984; 1992).

Protease studies have shown the Nephrops 16-kDa pro-
tein in these structures is, for the most part, buried in the
bilayer and only the N-terminus is available for cleavage
(Finbow et al., 1992). Chemical-labelling studies with the
lipophilic reagent N,N’-dicyclohexylcarbodiimide has identi-
fied a conserved glutamic acid residue located in the fourth
hydrophobic segment of the Nephrops protein. This residue
appears to be functionally important for proton transiocation
in the vacuolar 16-kDa proteolipid (Arai et al., 1987; Noumi
et al., 1991). This information, together with electron micro-
scopic data, secondary-structure-prediction algorithms and
crystallographic homologues, has made it possible to build a
model of the N. norvegicus 16-kDa protein and the complex
it forms in the bilayer (Finbow et al., 1992). We now present
electron microscopic and biophysical evidence for the model.

Our investigations reveal a hexameric arrangement of the
Nephrops 16-kDa protein around a central channel forming
a star-shaped complex which constitutes the functional unit.
Biophysical studies show a high degree of a-helical content
and the image projection reveals a close similarity between
the Nephrops gap-junction-like structures and the gap junc-
tions isolated by others (Sikerwar et al., 1991) from a closely
related species, Homarus americanus. We have also estab-
lished a direct functional relationship between the Nephrops
16-kDa protein in these structures and the 16-kDa proteolipid
of the V-ATPase, by showing that the former will substitute
for the latter in a yeast model system. The image reconstruc-
tion data therefore have implications for understanding the
organisation of the 16-kDa proteolipid in the V, sector of the
V-ATPase and hence of subunit ¢ in the F, sector of the H*-
ATP synthase.

MATERIALS AND METHODS
Isolation of 16-kDa protein gap-junction-like structures

The isolation of membranes containing the 16-kDa pro-
tein from the hepatopancreas of N. norvegicus has been pre-
viously described (Finbow et al., 1984 ; Finbow et al., 1992).

Electron microscopy

Negatively stained specimens for conventional electron
microscopy were prepared according to Valentine et al.
(1968) using a solution of uranyl acetate (4% mass/vol.,
pH 4.5). Samples containing about 200 pg protein/ml were
allowed to adsorb to the carbon films for 20 s and washed
on drops of double-distilled water before staining. Grids were
examined in a Philips CM 10 transmission electron micro-
scope, operated at an accelerating voltage of 100 kV. Elec-
tron micrographs were recorded at calibrated magnifications
on Agfa Scientia 23 D 56 electron-image sheet film.

Electron micrographs were assessed by optical diffraction
using a He/Ne laser-powered optical diffractometer LFO
(Spindler and Hoyer) equipped with an image-reconstruction
lens system. Image processing was carried out using the spat-

ial-frequency-filtering technique in conjunction with image
reconstruction according to Klug and DeRosier (1966). In
order to avoid phase artefacts during optical filtering, opaque
masks (amplitude filters) were used exclusively. Masks were
made from Photoresist™-coated aluminium foil by photo-
etching; contact negatives of diffraction patterns recorded in
the Fourier plane served as templates (after Misell, 1978). A
range of zero-order beam attenuations were used in order to
optimise the reconstructed image by reducing the zero-order
background without introducing a frequency doubling. Fil-
tered images were further processed using rotational averag-
ing as described by Markham et al. (1963).

FTIR spectroscopy

Infrared spectra were recorded on a Bruker IFS 25 FTIR
spectrometer with DTGS detector, at a resolution of 4 cm™,
apodized with a triangular function and Fourier transformed
after one level of zero-filling. Approximately 8 mg freeze-
dried membranes were suspended in 100 pl 10 mM Hepes,
10 mM NaCl, pD 7.8, prepared in D,O and the suspension
was vortexed for 1 min. The sample was sealed and incu-
bated for 4 h at 55°C, followed by 20 h at 24°C, to promote
deuterium exchange. The sample was then introduced into a
thermostatted cuvette with CaF, windows and a 50-pm teflon
spacer for recording spectra. Peak positions in the amide I
band were resolved by Fourier self-deconvolution (Kaup-
pinen et al., 1981) and quantified by band fitting of the de-
convoluted spectra using programmes kindly provided by Dr.
H. H. Mantsch.

Expression of Nephrops 16-kDa protein in yeast

Nephrops cDNA containing the coding sequence (Fin-
bow et al., 1992) was inserted into BamH1 site of the yeast
shuttle vectors YCp50 and pLGSD5-ATG (kindly provided
by Dr. L Guarente, Department of Biology, Massachusetts
Institute of Technology). Expression of inserted cDNA in the
latter plasmid is under control of the gal promoter. The plas-
mids were transfected into a haploid strain of S. cerevisiae
W303-1B (MATa, leu2, his3, ade2, trpl, ura3), in which the
VMA3 gene had been inactivated by insertion of the LEU2
gene (LEU2: :vatc; Nelson and Nelson, 1990; kindly pro-
vided by Dr. N. Nelson, Roche Institute for Molecular Bi-
ology, Nutley, New Jersey). Growth at pH 5.5 and pH 7.5 in
yeast extract peptone (YEP) plates plus 1% galactose was
tested as described by Nelson and Nelson (1990). The pres-
ence of the Nephrops 16-kDa protein was examined by har-
vesting an exponential 1-1 culture growing in YEP medium
containing galactose and preparing spheroplasts with zymol-
ase. Vacuolar membranes were prepared as described by
Uchida et al. (1985) and extracted on ice for 1 h with chloro-
form/methanol (1:2). The antiserum used (N2) has been de-
scribed previously (Leitch and Finbow, 1990). Experimental
protocols for yeast were those described in Guthrie and Fink
(1991).

RESULTS
Electron microscopic analysis and image reconstruction

Preparations from the hepatopancreas of N. norvegicus
contain large numbers of gap-junction-like structures as pre-
viously shown (Finbow et al., 1984; Buultjens et al., 1988;
Leitch and Finbow, 1990). These structures are protein/lipid



Fig. 1. Electron micrographs of negatively stained (protein ap-
pears white) gap-junction-like structures from (a) N. norvegicus
and (b) H. americanus. In (a), the optical diffraction pattern ob-
tained from the marked area (arrowheads) is shown in the inset. The
reflections (4,k) = (1,1) (2,1) and (3,1) are circled in bold. The (3,1)
reflection corresponds to 2.1 nm~'. The Homarus preparation (b)
exhibits essentially the same features and the unit-cell dimensions
for both are a = b = 8.8+ 0.5 nm.
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Fig. 2. SDS/PAGE of gap-junction-like structures isolated from
the hepatopancreas of N. norvegicus (lane ‘n’) and H. ame-
ricanus (lane ‘h’). Arrowheads mark the position of the monomeric
(18 kDa) and dimeric (28 kDa) forms of the Nephrops 16-kDa pro-
tein.

arrays formed from a hexagonal lattice of particles which are
6—8 nm in diameter and have a central stain-penetrable pore
(Fig. 1). The principal protein component of these structures
has been shown to be a protein with a molecular mass of 16-
kDa (Buultjens et al., 1988, Leitch and Finbow, 1990; see
Fig. 2).

23

Optical diffraction studies revealed a lattice constant of
a=b=38.8%+0.5nm with y = 120° for both the Nephrops
(Fig. 1a) and Homarus (Fig. 1b) preparations. Highest-order
reflections observed (h.k) = (3,1) correspond to 2.1 nm™*
(sec Fig. 1a, inset). The reconstructed projection in Fig. 3a,
after optical filtering (for details see Material and Methods)
and rotational averaging over the two centres of threefold
symmetry to emphasise the unit-cell symmetry, supports the
idea that the 16-kDa protein forms hexameric complexes and
suggests a p6 plane group. Although it seems that the hexa-
mers interact with each other via the peripheral stain-exclud-
ing areas, the actual joins between the triangular protrusions
should be treated with care since they are not resolved and
can be caused by the slightest misalignment between the
mask holes and reflections. To emphasise details within a
single hexameric complex, a translationally averaged projec-
tion was subjected to an additional sixfold rotational averag-
ing. The projection in Fig. 3b confirms that, normal to the
membrane plane, the complexes can be described as hexag-
onal stars (overall diameter ~7.5 nm). In the centre of the
complexes there is a mass deficit (stain trap) with a diameter
of ~1.5 nm. The radius of the surrounding stain-excluding
ring-like domain (Fig. 3b) measures approximately 1.9 nm
from the centre of the complex. The ring-like domain is sur-
rounded by six equally spaced stain-excluding areas, each
assuming the shape of an equilateral triangle and covering
an area of roughly 1.6 nm? (Fig. 3b). In contrast, imposing a
fivefold rotational symmetry results invariably in a complete
loss of structural detail and lattice integrity (Fig.3c). As-
suming (a) a partial specific volume (v) of the 16-kDa protein
of 0.74 ml/g (c.f. Harris and Holzenburg, 1989), (b) an exten-
sion of the protein along the ¢ axis of 7 nm, as previously
deduced from electron microscopy of sectioned material
(Finbow and Leitch, 1990), and (c) that the central mass defi-
cit constitutes a channel extending through the entire struc-
ture, the molecular mass (m) of one complex (Fig. 3b) can
be estimated to be <110 kDa, according to the formula m =
volume of the protein (ml) X Avogadro’s number X 1/v
(Harris and Holzenburg, 1989). Hence, the electron mi-
croscopy data are consistent with assembly of the 16-kDa
protein into hexamers (the molecular mass from the deduced
sequence is 17.5 kDa; Finbow et al., 1992) and are further-
more in agreement with the data obtained from secondary-
structure-prediction algorithms (Fig. 3d and e).

Fourier-transform infra-red (FTIR) spectroscopy

FTIR spectroscopy provides a measure of the relative
amounts of different secondary-structural elements and can
be carried out directly on protein/lipid structures without re-
course to extraction of the protein and its possible denatur-
ation. Such an analysis carried out on Nephrops gap-junc-
tion-like structures is shown in Fig. 4 for the amide I region
of the Fourier self-deconvoluted FTIR spectrum. The spec-
trum in this region changes little over the temperature range
15—95°C, indicating that the protein is extremely stable with
respect to heat denaturation. Control spectra from junction-
like membranes which had been freshly dispersed in D,O
buffer (i.e. without prolonged incubation at higher tempera-
tures to enhance deuterium exchange of the amide groups)
are similar to those in Fig. 4 except for slight band shifts
consistent with a lower degree of deuterium exchange.

Band-fitting of the Fourier deconvoluted spectrum (see
Fig. 4) reveals the presence of two major bands at wave-
numbers 1669 cm™! and 1675 cm™!, with smaller bands at
1647, 1639 and 1629 cm™*, plus three other minor bands.
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Fig. 3. Averaged projections of the unit cell (a, b and c) and predicted model of a hexamer of the 16-kDa protein (d and e) from
Finbow et al. (1992). (a) Reconstructed projection (protein appears white) of the unit cell after optical filtering and rotational averaging
over the two centres of threefold symmetry. The centres of two-, three- and sixfold symmetry are indicated. The architecture of the unit
cell supports the idea that the quaternary structure of the 16-kDa protein is a hexamer. (b) Reconstructed projection of a single hexameric
complex after optical filtering and sixfold rotational averaging reveals a central mass deficit (small arrow) with a radius of 0.75 nm. The
radius of the surrounding ring measures 1.9 nm from the centre of the complex (large arrow). Each of the marked triangular protrusions
covers an area of =1.6 nm> The scale bar corresponds to 5 nm. In (c), a reconstructed projection after optical filtering and fivefold
rotational averaging is depicted. (d and e) Computer-built models of a hexamer of the Nephrops 16-kDa protein taken from Finbow et al.,
1992. In (d), the main-chain atoms are shown and in (e), main-chain and side-chain atoms are shown. The model is reproduced at the same
magnification as the image in (b) and the corner—centre distance of the orange hexagon is 2 nm. In the earlier published models, the helices
are arranged in an anti-clockwise rotation when viewed from the end opposite to the N-terminus and C-terminus. In the two examples
shown here, the helices are arranged in a clockwise manner. The similarity of helices 2 and 4 resulting from gene duplication (see Figs 7
and 8), make it difficult to reliably predict whether the helices will be arranged in a clockwise or an anti-clockwise rotation.
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Fig.4. FTIR spectrum (amide I region) of Nephrops gap-junc-
tion-like structures in D,O buffer after Fourier self-deconvol-
ution with a Lorentzian linewidth of 17 cm™ and a band-nar-
rowing factor of 2. The maximum of the original (non-deconvol-
uted) amide I band corresponded to 0.44 absorbance units. The spec-
trum was recorded at a temperature of 15°C. The deconvoluted spec-
tra are fitted by Gaussian bands as indicated, with residuals (lower
box, with the same wavenumber axis as for the deconvoluted spec-
trum, but a 10X vertical expansion) in the regions of the individual
band positions of <0.02—-0.1%.

The two major bands lie at positions of higher wavenumber
than those normally assigned to defined secondary-structural
elements such as the deuterated « helix (1654 cm™) or turns
(1665 cm™*; see Byler and Susi, 1986). The spectrum, how-
ever, bears a strong resemblance to that of bacteriorhodopsin
(data not shown) which likewise contains two major bands
shifted to unusually high wavenumber. These bands, which
occur at wavenumbers of approximately 1665 cm™ and
1658 cm™* for the incident beam polarized parallel and per-
pendicular to the plane of incidence, respectively, have been
attributed to the transmembrane « helices of bacteriorhodop-
sin (Earnest et al., 1990) which is the predominant second-
ary-structural element in this protein (Henderson et al.,
1990). Therefore, it is likely that the two major bands ob-
served for the Nephrops gap-junction-like structures cotre-
spond to a-helical structures similar to those found in bac-
teriorhodopsin. These two bands compose >60% of the total
intensity of the amide I band (Fig. 4).

Of the remaining bands, those at 1639 cm™' and
1629 cm™' comprise approximately 20% of the total inten-
sity and may correspond to extended f-like structures not
necessarily in sheets (Byler and Susi, 1986). The poorly re-
solved band at 1647 cm™* (9% of the total intensity) could
correspond to disordered structures and the weak band at
1684 cm™" (4% of total intensity) may arise from turns
(Earnest et al., 1990).

Composition of gap-junction-like structures
isolated from H. americanus

Gap-junction-like structures have also been isolated from
the hepatopancreas of a related crustacean, H. americanus
(Sikerwar et al., 1991). Electron microscopic studies in con-
junction with digital image processing, carried out by Siker-
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Fig.5. SDS/PAGE (lanes a and b) and immunoblot (lanes ¢ and
d) of Nephrops gap-junction-like structures (lanes a and ¢) and
chloroform/methanol extract of vacuolar membranes from S.
cerevisiae transfected with Nephrops ¢cDNA coding for the 16-
kDa protein (lanes b and d). The immunoblots were probed with
a rabbit antiserum (N2) raised against a total gap-junction-like prep-
aration from Nephrops hepatopancreas. In addition to reacting to
the Nephrops 16-kDa protein, the antiserum also reacts to a diffuse
glycoprotein (54 kDa) present as a minor component in these prep-
arations {Leitch and Finbow, 1990; Buultjens et al., 1988).

PHS.5

PH7.5

Fig. 6. Growth at pH 5.5 and 7.5 of LEU2 ; :vatc mutant S. cerevi-
siae before (sector 1) and after transformation with Nephrops
¢DNA coding for the 16-kDa protein in the pLGSD5-ATG (sec-
tors 2 and 3) and YCp50 (sectors 4 and 5) yeast shuttle vectors.
Cells grow irrespective of the carbon source at pH 5.5, since a func-
tional V-ATPase is not required. Growth at pH 7.5 does, however,
require a functional V-ATPase and occurs only in cells expressing
the Nephrops 16-kDa protein under control of a galactose-inducible
promoter. The YEP agar plates shown at pH 7.5 were supplemented
with 1% galactose.

war et al. (1991) revealed unit cells similar in shape and
dimension to the Nephrops gap-junction-like structures as
analysed in the present study using electron microscopy in
connection with optical methods. However, the protein com-
position of the Homarus structures was unknown. Therefore
gap-junction-like structures were isolated from the hepato-
pancreas of Homarus, using the same isolation procedure as
for Nephrops to investigate whether the 16-kDa protein is
present in gap-junction-like structures of Homarus.

The preparations contain large numbers of gap-junction-
like structures of similar morphology to those found in the
Nephrops preparations (Fig. 1) and to gap-junction-like
structures previously isolated from Homarus hepatopancreas.
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Optical diffraction revealed a lattice constant of 8.8 nm for
these hexagonal protein/lipid arrays. The slightly larger lat-
tice constant (8.4 nm) than that found by Sikerwar et al.
(1991) can be accounted for by a deoxycholate substitution
step used in the earlier study.

SDS/PAGE shows that the Homarus preparations contain
predominantly protein bands which co-migrate with the
Nephrops 16-kDa protein and its dimeric form (Fig. 2). Se-
quencing of the N-terminus of the Homarus protein confirms
it is a closely related 16-kDa protein (data not shown).

The Nephrops 16-kDa protein substitutes
for the yeast vacuolar 16-kDa proteolipid

In relating the projected model of the hexamer of the
Nephrops 16-kDa protein to the V, sector formed principally
from the 16-kDa proteolipid subunit of the V-ATPase, it is
important to know whether the two proteins are equivalent.
This can, in part, be tested by examining the growth of mu-
tants of S. cerevisiae where the endogenous gene (VMA3),
coding for the 16-kDa proteolipid, has been inactivated (Nel-
son and Nelson, 1990; LEU2 : :vatc mutant). These mutants
grow at pH 5.5 but not at pH 7.5. However, their growth
at pH 7.5 can be restored by transformation with a plasmid
containing the yeast VMA3 gene (Noumi et al., 1991).

c¢DNA encoding the N. norvegicus 16-kDa protein (Fin-
bow et al., 1992) was incorporated into the yeast shuttle vec-
tor pLGSD5-ATG (high copy number in which expression of
Nephrops cDNA is under control of the Gall0 promoter) and
YCp50 plasmid (low copy number). Organic-solvent extracts
of vacuolar membranes from cells transformed with
pLGSD5-ATG, containing the Nephrops cDNA and grown
in the presence of galactose, show the presence of bands on
SDS/PAGE of molecular mass 18, 22 and 28 kDa, which co-
migrate with bands in the gap-junction-like protein/lipid ar-
ray preparations from Nephrops (Fig.5). The 28-kDa band
has previously been shown to be a dimeric species of the 16-
kDa protein (Finbow et al., 1984). An endogenous 30-kDa
polypeptide is also present. Immunoblotting analysis with
antibodies to the Nephrops 16-kDa protein confirms the
identity of the galactose-induced bands as the Nephrops 16-
kDa protein.

The ability of the Nephrops 16-kDa protein to substitute
functionally for the 16-kDa proteolipid is shown in Fig. 6. In
the absence or presence of galactose, the mutant cells will
grow at pH5.5 but only the wild type cells will grow at
pH 7.5. Transformation of the mutant cells with the
Nephrops 16-kDa protein, however, restores growth at
pH7.5 in the presence of galactose, suggesting that the
Nephrops protein can substitute for the inactivated yeast 16-
kDa proteolipid.

DISCUSSION

Image reconstruction, secondary structure and similarity
to proposed model

Electron microscopic studies of the N. norvegicus prep-
aration show that the unit cell is composed of six 16-kDa
protomers symmetrically disposed around a central channel.
Stoichiometric studies on the vacuolar H*-ATPase also sug-
gest that there are six copies of the proteolipid (subunit c) in
each complex (Arai et al., 1988; Nolta et al., 1991).

An earlier study on the mediatophore complex prepared
from electric organ synaptosomes isolated from Torpedo,
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showed that it too is a multimeric assembly formed from a
closely related 16-kDa protein (Israel et al., 1986; Birman et
al., 1990). Visual analysis of negatively stained images indi-
cated each complex to have similar dimensions and a similar
appearance to the Nephrops 16-kDa preparations examined
here, although only five subunits could be clearly dis-
tinguished. Imposing fivefold rotational symmetry on aver-
aged projections of the Nephrops 16-kDa protein complexes
showed no reinforcement of structural details (Fig. 3c). An
additional polypeptide might be a component of the mediato-
phore, which could explain the apparent discrepancy (Morel
et al., 1989).

The Nephrops structures are viewed en face to the plane
of the paired membranes (Fig. 1) and therefore the projec-
tions contain contributions from two channel complexes
joined end-end. Apposing subunits in the end-end association
must align closely in register with each other because the
hexamer array can be seen clearly. This suggests that there
is a precise end-to-end interaction (see Finbow et al., 1991,
for discussion on the functional significance of this channel
pairing).

Band fitting of the Fourier-deconvoluted FTIR spectra
suggests that >60% of the Nephrops 16-kDa protein is in an
a-helical configuration, similar to that found for bacteriorho-
dopsin. Based on the comparison with the FTIR spectrum
and the structure of bacteriorhodopsin (Henderson et al,,
1990), this estimate for the Nephrops 16-kDa protein is likely
to be a minimum value, i.e. no less than 95 residues of the
159 residues are in the a-helical array. This is in good agree-
ment with secondary structure prediction algorithms which
suggest four transmembrane « helices of average length 27
residues (Finbow et al., 1992). Such a disposition of the pro-
tein in the bilayer accounts for the protease insensitivity, the
site of N,N'-dicyclohexyl carbodiimide modification and the
position of epitopes.

Using a four a-helical bundle as the basis for tertiary-
structural prediction, the helices would form a diamond ar-
rangement in cross-sectional view to the plane of the bilayer
(Fig. 3d and ¢). The resulting shape of a hexamer of subunits,
taking into account symmetry considerations and the place-
ment of hydrophobic regions in the lipid bilayer, is a star-
like form with dimensions similar to the reconstructed image
of the 16-kDa protein channel complex. This is consistent
with the proposed structural model of the Nephrops 16-kDa
protein and the quaternary structure of the complex it forms
(Finbow et al., 1992).

Implications for the F, proton channel

The F; sector of the ATP synthase consists of a minimum
of three subunits of which the most abundant is subunit ¢
(Futai et al., 1989). There is, however, little information on
the arrangement of the protein in this sector. The similarity
between the Nephrops 16-kDa protein and subunit ¢ raises
the possibility that the reconstructed projection of the hexa-
meric complex of the gap-junction-like form of the Nephrops
protein is also a good representation of the F, sector struc-
ture.

The 16-kDa protein appears to be a tandem repeat of
subunit ¢, which is thought to comprise two transmembrane
a helices. A tandem repeat is consistent with the prediction
of a four a-helical bundle for the 16-kDa protein. The level
of sequence identity between subunit ¢ and the Nephrops 16-
kDa protein and 16-kDa proteolipids from different species
is about 20% in each half, but comparison on a helical wheel
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Helix 1

16

kDa Prolein

Fig. 8. Helical wheels of the four putative transmembrane helices of the 16-kDa protein and the two putative transmembrane helices
of the F, 8-kDa subunit-c protein. The predominant character of the amino acid at each position in the boxed regions of the sequences
in Fig. 7 is shown. Helices 1 and 3 of the 16-kDa protein and helix 1 of subunit c are viewed with the C-terminus on top beginning Gly37
(helix 1, Nephrops) and Gly115 (helix 3, Nephrops). Helices 2 and 4 of the 16-kDa protein and helix 2 of subunit ¢ are viewed from the
N-terminus beginning with Lys53 (helix 2, Nephrops) and Gly131 (helix 4, Nephrops). The numbered residues shown are for the Nephrops
16-kDa protein. Green, Gly and Ala; yellow, Leu, Ileu, Val, Met; magenta, Tyr, Phe; brown, Pro; light blue, Ser, Thr; dark blue, Lys; red,

Glu and Asp; white, non-conserved.

of the character of equivalent residues in the transmembrane
domains shows a much higher degree of similarity (Figs 7
and 8). This similarity can be seen between helices 1 and 3
of the 16-kDa protein and helix 1 of subunit ¢, and between
helices 2 and 4 of the 16-kDa protein and helix 2 of subunit
¢, as would be required for a tandem repeat. Therefore, it
seems likely that the arrangement of the two polypeptides in
the bilayer and the complexes they form will be similar.
Apart from the sequence similarity, there are two other
lines of evidence which support the similarity in construction
of the F, sector to the hexameric complex of the Nephrops
16-kDa protein. Firstly, the crystallisation of the F, sector
(Bianchet et al., 1992) and earlier electron microscopic data
(Boekema et al., 1986) show the two ATP-binding subunits,
of which there are three copies each, are alternately arranged
in a clover-leaf structure around a central sixfold symmetry
axis that is perpendicular to the plane of the membrane. Such
an axis is present in the hexameric complex of the 16-kDa
protein. Secondly, an SDS-stable form of subunit ¢ (CF, sub-
unit IIT) has been isolated (Fromme et al., 1987) which ap-
pears to contain 12 copies (i.e. equivalent to six copies of the
16-kDa protein) and has similar dimensions as measured
from negative-stained images to the hexameric complex of

the 16-kDa protein. Like the Nephrops membrane complex,
this multimeric form of the subunit c is remarkably stable to
heat.

In summary, our findings are consistent with the core
structure of the F, sector being formed from six dimers of
subunit c, with each dimer organised as a four e-helical
bundle and arranged around a central sixfold symmetry axis.

Relationship to the connexon channel of gap junctions

The projection map of the gap-junction-like channels iso-
lated from Homarus by Sikerwar et al. (1991) shows a close
similarity to the hexamer complex of the 16-kDa protein iso-
lated from Nephrops. Our results, although using a different
isolation procedure, show that the 16-kDa protein is present
in Homarus preparations and therefore suggest that the struc-
tural basis of the Homarus gap-junction-like structures stud-
ied by Sikerwar et al. is the 16-kDa protein.

A slight difference can be seen in the averaged projec-
tions of the unit cells from Homarus (Sikerwar et al., 1991)
and Nephrops gap-junction-like structures; the Nephrops
hexameric complex resembles a star while the Homarus
complex appears more like a rounded hexagon. This is due



to the differences in image-processing procedures employed
(A. H., unpublished results) and may not necessarily reflect
any inherent structural differences. The reconstructed projec-
tions of Homarus gap-junction-like channels and the
Nephrops hexameric complex of the 16-kDa protein are also
similar to the connexon channels of gap junctions isolated
from rodent liver (Makowski et al., 1977; Caspar et al,,
1977; Unwin and Zampighi, 1979; Unwin and Ennis, 1984)
and seen in freeze-fracture replicas from rat liver gap junc-
tions (Rash and Yasamura, 1992). The liver connexon is
formed from a hexamer of similar sized, rod-shaped subunits
producing a cylinder, 7—7.5 nm in length with a central
channel of 1-2 nm diameter and centre-centre spacing in the
hexagonal array of 8.2—8.8 nm. The comparative figures for
the Nephrops structures are length =~7 nm, central channel
1.5 nm, centre-centre spacing 8.8 nm; figures which are simi-
lar to those derived from Homarus gap junctions. The con-
nexons in gap junctions isolated from heart also have similar
dimensions (Yeager and Gilula, 1992),

The connexons of isolated rat liver and heart gap junc-
tions are thought to be composed of connexin 32 (Milks et
al., 1988; Stauffer et al., 1991) and connexin 43 (Yeager and
Gilula, 1992), respectively. There is no sequence similarity
between these connexins and the 16-kDa proteins, although
both connexins, as all other connexins so far identified, have
four hydrophobic segments of sufficient length to span the
bilayer as a helices. Connexin 32 is nearly twice the size of
the 16-kDa protein and connexin 43 more than 2.5-times
larger, yet the lengths of the respective hexagonal complexes
they form are similar. This suggests there must be a larger
amount of protein present in the region radial to the hexad
axis of the connexon than that for the hexagonal complex of
the 16-kDa protein. From the published data, it is unclear
how this extra mass can be accommodated in the proposed
model of connexin disposition in the bilayer as four trans-
membrane helices. For further discussion on this point see
Yeager and Gilula (1992).

A family of related 16-kDa proteins; the Ductins

One of the results of our study shows that a protein which
can form a gap-junction-like structure is the membrane com-
ponent of a proton pump. The work of Israel and his collab-
orators (Israel et al., 1986; Birman et al., 1990) indicates that
a highly similar 16-kDa protein is an essential component of
the mediatophore thought to be involved in neurotransmitter
release. Recent work (Umemoto et al., 1991) has shown that
the yeast VMA /I gene codes for a very similar (80% identity
with the VMA3 gene product) 16-kDa protein and that inacti-
vation of this gene produces a similar phenotype as the
VMA3 mutants (growth at pH 5.5 but not at pH 7.5). A pro-
tein closely related to the VMAII product although smaller,
has been identified in yeast. This product endows resistance
to the drug trifluoperazine (Shih et al., 1990). Thus, there
seems to be a family of closely related proteins which may
have different transport functions. Perhaps a suitable name
for this family of proteins is ‘Ductins’ (from the Latin du-
cere, ductus) to emphasise the role in membrane transport.
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