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of a mixture other than 1:9 (below), we will see that it is highly 
unlikely that any of the hybrid channels are wea.kJy sensitive 
like the pure mutant channel. 

We can now predict the subunit stoichiometry, n...ofthe Shaker 
K+ channel. Combining equations (3) and (4) and taking 
logarithms yields: _ 

---In -- = n In l---1 ( Umlll) 1 ( . Rj 
In (/muc) Umut ln (/,..ut) U,.. 

(S) 

Each quantity on the left-band side of equation (S) is either 
known or is directly measurable. The value of the expression 
differs from n by a term whose magnitude depends on the value 
of R: as R approaches zero it will approach zero. Therefore, 
the expression will underestimate n, but will converge to n as 
U,..;. and u,.. ... are determined at successively higher toxin 
concentrations. Figure 3b shows a plot of the values obtained 
upon substitution of u ... b (for! ...... = 0.9) and u ..... into the 
expression on the left-band side of equation (S). At high toxin 
concentrations the data points converge to a value ·near 4, 
consistent with a tetrameric channel structure. The curves in 
Fig. 3 are th,e best fits generated from the theory (n .. 4 provides 
a significantly better fit than does n = 3 or S). Most importantly, 
however, the asymptotic value is independent of a priori assump­
tions about the value of n or specific values of X... 

Equation (S) can be tested by asking whether the same value 
for n is obtained using a different ratio of wild-type to mutant 
subunits. Tabl.e 1 shows th.at a value close to four is also obtained 
with a 2:8 mixture (/mut = 0.8). A very different value for U...a 
~ observed, but the difference is exactly compensated by the 
1/ln (/,.,u,) term. 

The results of this study provide evidence that the Shaker K+ 
channel is a tetramer, on the basis of two assumptions. The first 
is that the wild-type and mutant subunits aggregate randomly. 
The similar properties and levels of expression of wild-type and 
mutant channels argue that this is plausible. The second assump­
tion is that only the fully mutant form is weakly toxin sensitive 
in a mixing experiment. This is supported by the finding that 
the weakly sensitive fraction bas the same toxin affinity as the 
pure 0431 N channel. However, if the hybrid channel containing 
only a single wild-type subunit (and n -1 mutant subunits) is 
weakly toxin sensitive like the fully mutant form, the data 
corresponding to f ..... = 0.9 are consistent with a 12·subunit 
channel However, the data corresponding to! ..... • 0.8 are con­
sistent with a 9-subunit channel. These two sets of data are 
simultaneously satisfied if the channel is a tetramer and all 
hybrid channels are toxin sensitive compared to the fully mutant 
form. . 

These results indicate that a single wild-type subunit confers 
upon the Shaker K+ channel relatively high toxin sensitivity. 
This is initially surprising. but is explicable. The toxin is an 
asymmetric molecule14 that binds to a receptor with fourfold 
symmetry. The toxin must therefore combine with the channel 
in four indistinguishable ways. If a bound toxin molecule inter­
acts strongly with only one of the subunits at position 431, then 
a mutation on a single subunit simply reduces by one the number 
of ways that the toxin molecule can combine with the channel. 
Therefore, even with three mutant and only one wild-~ sub­
units, the toxin may be expected to block the channel with one 
quarter of the affinity (~ • 16 nM). In fact, the inhibition con· 
stant for the channel containing a single wild-type subunit, 
estimated from the inhibition curve in Fig. 3a, is 19 nM. 

It is interesting to compare the subunit stoichiometry of the 
Shaker K+ channel (tetramer) with that of the nicotinic 
acetylcholine receptor ion channel (pentamer) and gap junction 
hemichannel (hexamer). The gap junction channel forms a very 
wide, nonselective pore that is about 16 A in diameteru·16

• The 
nicotinic acetylcholi.ne receptor ion channel is selective for 
cations over anions and has an intermediate pore diameter of 
about 6.5-7 A 17

• The voltage-gated K+ channels, however, are 
highly selective and have a narrow ion conduction pore17

• As 
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was suggested by Unwin, there s.eems to be a simple relationship 
between the number of subunits in an ion channel and its pore 
diameter". this correlation may be coincidental, but it is con· 
sistent with a crude model of an ion channel as a barrel with 
its subunits aCting as the staves. · 
Note added in proof: It bas recently been demonstrated that 
CTX prepared by a separate method inhibits the Shaker K+ 
channel with low affini~. The high-affinity inhibitor used in 
this study may therefore be a crx isofonn (there are many). 
This does not influence the conclusions reached here about the 
channel structure. 0 
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Pentameric structure and subunit 
stoichiometry of a neuronal 
nicotinic acetylcholine receptor 
Dis Cooper, Sabine Couturier• & Marc Ballivet• 

Department of Physiology. McGill lktlverslty, Montreal, 
~ H3G 1 YG, canada 
• Department of Biochemlstly, l.WYerslty of Geneva. 
1211 Geneva 4, Switzerland 

NEURONAL alcotlalc: ac:etylc:hollae receptors are IIMIIIben of • 
gene family of Ugud-cated tnasmltter receptors that I.Ddades 
muscle alcotlalc: receptors, GABA" receptors aacl clydlle 
receptors•~. Sevual llaes or eYicleac:e loclfc:ate that aearoul 
alcotlalc: receptors can be made ap or oaly two sabaalts, u alpba 
(a) subualt which blads Ugaad, aad a ltOJt.alpha (aa) or beta (IS) 
subuatt'-13

• The sto.lc:hiometry or eac:b subunit Ia tbe raac:tloul 
receptor bas beets cliffi.adt to assess, boweYer. Estimates or the 
moleaalar .weight or aeuroaal alcotoalc: receptor mac:romolecules 
suggest tbat tbese receptors c:oatala at least roar subaalts bat 
probably aot more tbaa fiye"12

• We hue examlDed the subaalt 
stoichiometry or tbe cblc:k aearoaal a.faa1 receptor'.t by lrst 
using site-directed mutagenesis to create IUbanlts that COilfer 
cllfrereat slagle cbaaael properties on tbe receptor. Co-lajedfoa 
witb wild-type aad mutant subunits led to the appearaace or 
receptors wltb wild-type, mut.aat aad bybrid coaduc:taaces. From 
tbe number or hybrid c:oaductaaces, we could cledace tbe aamber 
or eac:b subunit in the functional receptor. 

The M2 region of muscle nicotinic acetylcholine receptor 
(nAChR) subunits participates in the channel pore'""", and 
charged re~idues on either side of M2 influence the rate of ion 
transport through the channel 11

• We investigated whether 
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FIG. 1 The amino-acid sequence of the M2 domain 
for a4 and na1 Slbunlts. The triplets encoding the 
residues In the boxes were mutated usirc stan­
dard prooedures21.22; the numbers above the 
residues correspond to their position. The glutamic 
acid at 266 in the a 4 subunit was changed to a 
lysine and the mutated Slbunlt Is referred to as 
a 4K266. The lysine at 260 of the na1 subUnit 
was char41ed to a glutamic acld; this mutated 
Slbunlt Is referred to as na1E260. 

charged residues at the equivalent position on the a 4 and na1 

subunits have a similar effect on the conductance of the neuronal 
nACbR. Figure l shows the amino-acid sequence of the M2 
region for the a 4 and na1 subunits. The a 4 subunit has a 
negatively charged glutamic acid (E) at position 266, and the 
na1 subunit bas a positively charged lysine (K) at the equivalent 
position (260). Figu.re 2a shows the single ch-annel conductance 
for the a.fna1 receptor. These receptors form a single popula­
tion with a conductance of 20 pS. Lower conductance states, 
like those reported for the rat a 2/ {32 and a 3/ {32 (ref. 19), were 
not observed. 

To determine the effect of these charged residues on the rate 
of ion transport, we changed the lysine at position 260 or na, 
to a glutamic acid; we refer to this mutated subunit as na1E260. 
Figure 2b shows that the a 4 /na1E260 receptor has a single 
channel conductance of 37.5 pS, almost twice that of wild-type 
a.fna1 receptors. In a parallel experiment, we changed the 

FIG. 2 Effect of mutations on the single channel conductance. 
This ftgure shows three receptors: a. a 4 /na1 r~tor: b. 
a 4/na1 E260 re(:eptor: c. a 4K266/na1E260 receptor. For 
each receptor. the upper left shows single channels measured 
In outside-out patches at -120 mV holding potential; below 
Is the amplitude histogram of over 200 openings measured 
at -120mV. On the right is the 1-V curve. Each point 
represents the mean of at least 36 openings. the s.e.m. are 
smaller than the symbols. The 1-V curve for each receptor 
was constructed with data from 5-6 different patches which 
were held at ~ different holding potentials. The single 
channel conc1Jctances are: 20.2 pS for the a 4/na1 receptor 
In e; 37.5pS for the a 4/na1E260 receptor In b; 17.5pS for 
the a 4K266/na1E260 receptor In c. The trace length of the 
single channel records In a, b and c Is 100 ms. 
t.£THOOS. Nuclei of Xenopus laevis oocytes were co-Injected 
with cONAs for two subunits (In equal molar ratlos)23

: a4 and 
na1 In s. a .. and na1E260 In b; a 4K266 and na1E260 In c. 
~e chamel recordings were from outside-<>ut patches at 
22-24 <c with a Ust EPC-7 amplifier 2-5 days after 
lnjection23• Currents _,e digitized and stored on tape and 
analysed with a DEC POP Ufl3 computer. Currents were 
fltered at 1.5 kHz and sampled at 10kHZ. Amplitude his­
tograms were constructed by measuring the amplitude of 
Individual openings. A ~ter routine that fits single chan­
nels with Idealized square pulses was used to measure the 
sqle channel Bnlllitudes. Only openings longer than 1 ms 
and In which a plateau had been reached were Included. Low 
doses of AOI were used to ensure that the probability of 
openlf"C was small in ordef to reduce simultaneous openings. 
The amplitude histograms In Figs 3 and 4 were modelled as 
the sum of gaussian distrlbutlons and a nonlinear curve-fitting 
routine was used to )ldge the best fit for the parameters24

• 

The means and varialoes of the lllfiest and smallest distribu­
tions wele constrained to the values obtained In the control 
experiments shown in F"ag. 2. whereas the nonlinear fitting 
routine minimized the x2 to obtain estimations of the rernain­
q parameters. In all outside-out patches, AOI currents ran 
down in 3-5 min after forming the patch. The bath solution 
was a modified Barth's medium (OR-2f3. divalent-free, plus: 
1 nt.1 ca2 +; 1 11M atropine; 10 nt.1 1-EPES (pH adjusted to 
7.3-7.4 with NaOH~ and 50-100.-M AOI. The patch pipette 
contained: 80 nt.1 KF; 20 mM KAc; 10 mM EGT A; 10 mM !-£PES 
(pH adjusted to 7.4 with NaOH. fml Na concentration was 
2mM). 
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glutamic acid at position 266 of a 4 to a lysine; we refer to this 
mutated subunit as a .. K266. Figure 2c shows that the 
a 4K266/na1E260 receptor has a single channel conductance of 
17.5 pS, less than half that of the a..fna 1E260 receptor. These 
results establish that charged residues outside the M2 doma.in 
influence the rate of ion transport through the channel pore of 
neuronal nAChRs in a manner similar to muscle nAChRs; this 
also suggests that the structure of neuronal and muscle nAChRs 
may be similar. Direct comparisons of the magnitude or the 
charge change on the single channel conductance for neu.ron.al 
nAChRs compared with muscle nAChRs arc difficult because 
these experiments on a.fna, receptors could not be done in 
the absence of divalent cations. 

To assess the number of a 4 subunits in the functional receptor, 
we co-injected complementary DNAs for a 4 and a 4 K266 
together with n a 1 E260 into oocytes. The rationale for this experi­
ment is that in these oocytes some receptors wiJI form that only 
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FIG, 3 Assembly of two a slbunits In 
the functional receptor. Both a 4 and 
a 4K266 were oolnjected with na1 Into 
the same oocyte. • Single channel 
records measured In an outsideo()Ut 
patCh held at .;..120mV and shows 
three receptors with different current 
amplitudes. b, Amplitude histograms of 
over 500 such ~s. These his­
tograms were best frtted as the sum 
of ttvee gaussian cistributions. The 
gaussian with a mean amplitude of 
-4.0 pA corresponds to that used to 
fit the a 4/na1E260 receptor In Fig. 2b. 
The gaussian with a mean of -1.85 pA 
corresponds to the gaussian used to 
ftt the a4K266/na1E260 receptor In 
fl&. 2c. The gaussian with a mean 
amplitude of -3.4 pA corresponds to 
receptors that have assembled with 
both a 4 and a 4 K266 together with 
na1E260. The amplitude histogram in 
b was from an oocyte c:o-lnjected with 
eqUal amounts of a 4 and a 4K266. The 
amplitude histogram in c was from an 
oocyte co-injected with four times 
more a 4K266 than a 4 • 

-4.7 -3.4 -2.3 -1.0 -4.7 -3.4 

pA 
-2.3 -1.0 

incorporate a 4 subunits with na1E260 and others will form that 
incorporate a 4266 with na1E260. If, however, the number of a 
subunits in the functional receptor is > 1, then some receptors 
should incorporate both a 4 and a 4 K266 in the same receptor. 
On the basis of the effect of the charge near M2 on the conduct­
ance, the single channel conductance for these receptors should 
be between that of the a.Jna1E260 receptor and that of the 
a 4 K266/na1E260 receptor (s'ee Fig. 2).1f the receptor assembles 
with N a subunits, then there should be N -1 receptors 
expressed in the oocyte membrane which have incorporated 
both a 4 and a 4 K266 subunits. 

The results of coexpressing a 4 and a 4K266 together with 
na1E260 are shown in Fig. 3. These co-injected oocytes express 
receptors with three different conductances, as illustrated by the 
amplitude histograms in Fig. 3b. These histograms were best 
fitted as the sum of three gaussian distributions. One gaussian 
with a mean of -4.0 pA corresponds to that used to fit the 
aJna1E260 receptor (see Fig. 2b). One gaussian with a mean 
of - 1.8 pA corresponds to that used to fit the a 4K266/na1E260 
receptor (see Fig. 2c). The remaining gaussian has a mean 
intermediate between the a.Jna1E260 receptor and the 
a4K266/na1~260 receptor. The simplest interpretation of this, 
based on the effects of charged residues at the outer edge of 
M2 on the single channel conductance. is that it represents a 
hybrid receptor that has incorporated both a4 and a 4K266 
subunits. This result was observed in all 18 patches from oocytes 
involving co-injection of a 4 and a 4 K266 with na1E260, and. as 
shown in Fig. 3b and c., the amplitude distribution could be 

FIG. 4 The assembly of ttvee na1 Slbunlts In the func:tJonal receptor. Both 
na1 and na1E260 were c:o-lnjected with a 4 1nto the same oocyte. • ~ 
from en oocyte cxHnjected with equal amounts of na1 end na1E260. This 
histogram was best fit as the sum of four gaussian dlstrilutJoos. The 
gaussian withe mean of -4.0 pA CO!Tesponds to the a.Jna1E260 receptor. 
The gaussian with a mean of -2.0 pA corresponds to the a 4/na1 receptor. 
The &B!Ussian with a mean of -2.7 pA cooesponds to receptors that have 
assembled with two na1 subunits and one na1E260 sdlunll The gaussian 
with a mean of -3.5 pA corresponds to receptors that have assembled 
with one na1 Slbunit and two na1E260 subunits. b. Results from an oocyte 
c:olnjected with 1.5 times more na1E260 than na1 • In this histogram. the 
gaussian with the largest peak had a mean of -3.5 pA and corresponds to 
receptors that have assembled with one na1 subunit and two na1E260 
SlbJnlts. c. Results from an oocyte oolnjected with 2.5 times more na1 
than na1E260. The main gaussian in this histogram had a mean of - 2.7 pA 
and cooesponds to receptors that have assembled with two na1 subunits 
and one na1E260 subunit. 
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biased in favour of one receptor or the other by injecting differing 
amounts of eDNA for one subunit relative to the other. We 
conclude from this experiment that there are only two a subunits 
in the functional receptor. This is consistent with the results 
from the Hill coefficient measured in phriological dose­
response experiments on the a.Jna1 receptor , and is identical 
to the two a subunit stoichiometry in muscle nAChRs10

• 

The number of na 1 subunits was assessed in a similar fashion: 
we coinjected na1 and na1E260 together with a 4 into oocytes 
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(Fig. 4). The amplitude histograms were best fitted as the sum 
of four gaussians (Fig. 4a). The gaussian with the largest mean 
amplitude ( -4.0 pA) corresponds to the a.fna1E260 receptor 
(see Fig. 2b ). The gaussian with the smallest mean amplitude 
( -2.0 pA) corresponds to that used to fit the wild-type a.fna1 

receptor (see Fig. 2a). The two intermediate gaussians had 
means of -2.7 pA and -3.5 pA. Using the same arguments based 
on charged residues at the outer portion of the M2 domain, the 
gaussian with a mean of-2. 7 pA corresponds to hybrid receptors 
that have incorporated two na 1 and one na1E260 subunits into 
the functional receptor, whereas the gaussian with a mean of 
-3.5 pA corresponds to receptors that have incorporated one 
na1 and two na1E260 subunits. Similar results to those in Fig. 
4a were observed in 12 patches from oocytes co-injected with 
.na1 and na1E260.1n addition, the amplitude distributions could 
be biased in favour of one receptor subtype by injecting di11ering 
amounts of eDNA for one subunit relative to the other (Fig. 4b 
and c). The oocyte analysed in Fig. 4b predominantly expressed 
a rc:ceptor subtype incorporating one na1 subunit and two 

Received 22 ~ 1~ 8CCIIIJied 115 ......., 1991. 

1. llcKAiw. J. <H 81. NMon Dl, 36S-374 (1!186). 
2. -. M. et 81. - 106, 818-823 U983J. 
3. Schofield. P. R. llf 81. - 1211, 221-227 (1987). 
4. Gt~ ~II( .. Htt1on 1211, 21r.-220 (li87). 
5. Whilit'C. P, L 1o Undltn:lnl. J. M. 8ioc:1>l!mlsOy 25, 2082-2093 11!186). 
6. Wadt. K. et 81. StMncl 240, 331).33ol 119881 
7. Blllivfl. M. ., .. ......_, 1.147-852 (1988), 
8. llwV- D. lllliwel. M. lo ~. 0. Prot:. nocn. Ac8cl Sd. US.A. n,1993-l997(1990). 
9. Net. p. ~.c. Aliod. c. Coullo'le<. s. .. Bllllloel M. EMiJ() J. 7, 595-«11 11988~ 

10. lloo.f~«. J. ., a J. * a.m. 2:56. 44n~ t1990). 
11. Wadt. E et 81. J. CGt'IJI. - 284, 314-335 (19891. 
12. ~ P • .l.U... R. MoteiJ, B. J. & UndllrOm. J. M. J. ~ 7, ~115 U98n 
13. BooAI.w, J. « 81. Prot:.'*" Ac8cl Sd. USA a4, 77e3-7767 U98n 
14. Gitouclal. .l. Oetril.. M..- T- 0.,..., $..Y. & ~ J..#, Prot:. '*'l A<:8ct .Sd. USA. 

83, 2719-2723 11!1861. 

Microtubule translocation in the 
cytokinetic apparatus of cultured 
tobacco cells 
Tetsuhiro Asada, Sei.l1 Sonobe & Hiroh Shibaoka 

Department of Biology, Faculty of Science, Osaka UniverSity, Toyonaka. 
Osaka, Japan 

I.N higher plaat cells, cytokinesis is achlned by Dew aoss-wall 
formation mediated by the phragmoplast1

, a double ring of micro­
tubules of opposite polarity, Ia wblch the short m.lcrotubules are 
arnaged perpendicular to tbe equatorial pl.aae of the phragmo­
plast with tbeir plus ends iDterdlgltatlng at the plaae•.z. Tbe 
phragmoplast aDd Its enclosed cell plate move out centrifugally 
utU tbe mother cell diYldes. We report here results of a aewly 
tlneloped method using glycerlaated cultured tobacco cells, which 
show that tbe equatorial region of the phragmoplast c.n tnaslocate 
mlc::rotubules towards their minus ends concomitantly with tubulln 
polymerization at their plus ends. The translocation Is Induced 
efrec::tbely by GTP and less eft'ec::tlvely by ATP, and Is Inhibited 
by the unhydrolysable nucleotide analogues GMP-PNP and AMP· 
PNP. Thus, the equatorial region of the phragmoplast seems to 
be associated with a mechanodlemic.l enzyme that generates the 
force for microtubule translocation by hydrolysing GTP. 

Cultured tobacco cells with phragmoplasts were treated with 
glycerin to permeabilize the plasma membrane3 and D.TAF 
(dichlorotriazonilamino fluoroscein)-labelled tubulin was intro­
duced into the glyceri.nated cells. Although cytokinetic pro­
gression was arrested by glycerination, an array of phragmoplast 
microtubules was well preserved in the glycerinated cells, as 
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na1E260 subunits, whereas the oocyte in Fig. 4c mainly 
expressed a receptor subtype that had incorporated two na1 

and one na 1E260 subunits. Therefore, we conclude from this 
experiment that there are three na subunits in the functional 
neuronal nAChRs. 

The results of this study show that functional neuronal 
nAChRs are pentameric complexes incorporating two a sub­
units and three na subunits. The approach taken here should 
also be useful in determining the stoichiometry of subunits for 
other ligand-gated receptors. Recently, several different a and 
na subunits for neuronal nAChRs have been identified6

•
9

•
10

• 

Our results indicate that fundional neuronal nAChRs with 
different properties could assemble in vioo through the combina­
tion of different subunits. Therefore, it is conceivable that 
neurons may incorporate two different a subunits, coded for 
by different genes, or two or three different na subunits into 
the same receptor molecule, thereby increasing the possible 
combinations offundionally different nAChRs expressed in the 
nervous system. 0 
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judged by anti-tubulin immunofluorescence (Fig. If). As bas 
been n:ported1

, there was no staining of the equatorial region 
where microtubules are interdigitating with their plus ends 
(Fig. 1/). 

A ~:!right fluorescent band appeared at the equatorial region 
of the phragmoplast in the glycerinated cells incubated with 
DTAF-tubulin (Fig. Ia), suggesting that DTAF-tubulin poly­
merizes onto the plus ends of pre-existing phragmoplast micro­
tubules. Weak, broad flu'orescence appeared at the distal 
portions of the phragmoplasts (Fig. lb, c), suggesting that poly­
merization also occurs at the minus ends (Fig. 4a). The width 
of the bright band at the equatorial plane increased with time 
(Fig. la-c), and the distal~ broad fluorescent bands moved away 
from the equatorial plane (Fig. lb, c), suggesting that the micro­
tubules are translocated towards their minus ends concomitantly 
with tubulin polymerization onto their plus ends. Microtubule 
translocation was more clearly shown by the experiment in 
which cells like the one in Fig. lb were further incubated with 
unlabelled tubulin. The fluorescent band at the equatorial region 
is split in two by a newly formed, unlabelled band and each of 
the resultant pair of fluorescent bands is translocated away from 
the equatorial plane (Figs ld, e; and 4b). Figure 2a shows that 
the unlabeUed band appears after a short lag period, during 
which the interdigitating portions of fluorescent microtubules 
move apart, and increases its width with time. The rate of 
translocation seems to depend on the rate of polymerization 
when the tubulin concentration is lower than 0.5 mg ml-1• The 
separation of the fluorescent band does not occur in the absence 
of unlabelled tubulin (Fig. 2a ). But when the tubulin concentra­
tion is O.S mg ml-1 or higher, the rate of translocation seems to 
be limited by the activity of the microtubule-translocating 
system. 

In the presence of GMP-PNP or AMP-PNP, phragmoplasts 
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